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ABSTRACT
By definition, volatile organic compounds (VOCs) are organic compounds that
easily become vapor or gases. Many VOCs are hazardous air pollutants and often known
for their low, often unpleasant, threshold odor, which can be below parts per billion in
some cases. Nanotechnology-based materials for the remediation of gaseous pollutants
has been the focus of many researchers due to their unique chemical and physical
properties and enhanced reactivity when compared to bulkier materials. Among the many
challenges preventing the global use of nanomaterials are the high costs of fabrication,
on-site recovery, limited scale-up, potential toxicity since many of them rely on metallic
nanomaterials, the low off-targeting specificity responsible for decreasing the
effectiveness of the material and the limited applicability to few classes of contaminants.
Here, the development of synthetic and natural materials for environmental
remediation of significant gaseous contaminants, such as VOCs, was explored using
poly(d,l-lactic

acid)-poly(ethylene

glycol)-carboxylic

acid

(PDLLA-PEG-COOH)

(synthetic) and cellulose (natural) as the scaffold materials. Through the use of a simple
and easy to scale up synthesis approach, and the use of a biodegradable or natural
material, we overcome costs of fabrication and the need for the material to be recovered.
An analysis of the different compounds present in a rendering plant allowed for
determination of relevant compounds to be studied and provided information on the
chemistry of these molecules. A variety of gaseous compounds were detected at a
rendering plant area, in different sites of the plant, with the majority of the compounds
belonging to carboxylic acid and aldehyde functionality. These findings were
ii

fundamental for the determination of the functional groups that to be conjugated into the
materials to be used for the gas capture. Using appropriate chemistry approaches, it was
possible to attach different functionalities to the synthesized PDLLA-PEG-COOH
nanoparticles, tuning their properties so they can specifically target and capture different
gaseous compounds. Consequently, different properties of the synthesized material were
explored and investigated in an effort to determine the most efficient and facile approach
to the gaseous capture, but also to better determine the possible applications of the
material as well as the feasibility of scaling up the material synthesis.
Results demonstrated a wide array of gaseous chemical compounds present in the
air of an industrial site. While all detected concentrations were below the regulation
limits, the obnoxious malodor associated with these compounds contributes to the
difficulty in finding a location for new sites due to the annoyance caused to the
population surrounding the area. Furthermore, the results showed that synthetic and
natural materials could be tailored for the specific capture of said compounds.
Preliminary results exploring the scale up of the materials synthesis provided promising
results. These findings are expected to provide sufficient and strong theoretical and
methodological evidence for the development of a large-scale process for the synthesis of
amine-functionalized nano materials to be used for environmental remediation of relevant
gaseous compounds.
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CHAPTER ONE
BACKGROUND
1.1 Nanotechnology for Environmental Remediation
According to the World Health Organization (WHO), as urban populations grow,
the quality of urban environments affects the public health with regards to issues ranging
from waste disposal, water sanitation and air pollution [1]. Air and water pollution, as
well as soil contamination, can be associated with health effects such as headache,
fatigue, nerve damage, chemical poisoning, respiratory illness, cardiovascular illness,
gastroenteritis, cancer risk, nausea, skin irritation, among many others [2–
8]Anthropogenic and biogenic sources of chemical compounds [9,10] can contribute to
millions of deaths worldwide annually [1]. Unintentional poisonings associated with
excessive exposure to, and inappropriate use of toxic chemical, accounts for an estimated
355,000 death globally each year [11]. Toxic chemicals may be emitted directly into soil,
air and water from different anthropogenic sources such as industrial processes.
Furthermore, air pollution accounts for 1 in 8 deaths worldwide, corresponding to
approximately 7 million deaths in 2012, according to data from the WHO [12]. In fact,
the vast majority of air pollution deaths are due to cardiovascular diseases, such as
ischemic heart disease, stroke, chronic obstructive pulmonary disease, lung cancer and
acute lower respiratory infections in children [12]. Different laws have been enacted by
the congress in an effort to control and regulate exposure of the population to different
pollutants [13]. For instance, the Clean Air Act is the law that defines EPA’s
(Environmental Protection Agency) responsibilities for protecting and improving air
1

quality and stratospheric ozone [14]. In fact, EPA has set National Ambient Air Quality
standards for six principal pollutants; carbon monoxide, lead, nitrogen dioxide, ozone,
particle pollution and sulfur dioxide [15]. In regards to ozone levels, volatile organic
compounds (VOCs) are of concern along with nitrogen oxides (NOx), once the reaction
between these two classes of compounds, in the presence of light, is responsible for
emission of ground level ozone. Major sources of NOx and VOCs include industrial
facilities and electric utilities, motor vehicle exhaust, gasoline vapors, and chemical
solvents [16,17]. By definition, volatile organic compounds are organic compounds that
easily become vapor or gases. Many VOCs are also hazardous air pollutants. In addition,
VOCs are also known for their low, often unpleasant, threshold odor, which can be below
parts per billion in some cases [18][19].
New technologies are constantly being explored for the remediation of
contaminants of the air, water, and soil [20]. Particulate matter, heavy metals, pesticides,
herbicides, fertilizers, oil spills, toxic gases, industrial effluents, sewage, and organic
compounds are just a few examples of the many concerning contaminants [18,21].
Different types of materials can be employed in environmental remediation and therefore
a wide variety of approaches can be exploited for this purpose. As the capture and
degradation of environmental pollutants can be challenging due to the complexity of the
mixture of different compounds, high volatility, and low reactivity; recent studies have
focused on the use of nanomaterials for the development of new environmental
remediation technologies [22].
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Nanotechnology has gained a lot of attention in the past decades due to the unique
physical properties of nanoscale materials. Nanomaterials present enhanced reactivity and
thus better effectiveness when compared to their bulkier counterparts due to their higher
surface-to volume ratio. Some companies currently employ the use of nanoparticles with
environmental remediation purposes. For instance, NANO IRON (Czech republic)
utilizes stabilized iron nanoparticles for water remediation and Nano Cleaning Solutions
makes use of positively charged nanodroplets for mold remediation, infection control,
odor removal, and air purification through electrostatic effects with negatively charged
surfaces. Most of the advantages inherent in the use of nanoparticles derive from their
large surface areas, which yield a high rate of reactivity. Although this reactivity can
sometimes be disadvantageous in that some materials, for instance, can self-ignite when
exposed to air. The possible toxicity of metallic nanoparticles involved in the remediation
process, along with their byproducts, and recovery costs from the remediation site is
another factor that may impose a limitation to their use. Overall, methods that are
presented as a combination of different materials, combining specific desired properties
from each of its components, are potentially more efficient, selective, and stable than
methods based upon a single type of material. For instance, Directa Plus (Italy) utilizes
graphene-based products for water, air and soil treatment. The technology involves the
processing and blending of graphene with other materials to enhance graphene’s
performance. In a similar manner, adhering nanoparticles to a scaffold can be an
alternative way to increase the stability of the material when compared to the use of
nanoparticles alone. Functionalizing material with specific chemicals responsible for
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targeting contaminant molecules of interest can help increase the selectivity and
efficiency of the material. NanoStruck Technologies Inc., for instance, relies on the
addition of polymer-based nanofiltration to patented-modified conventional technologies
for water treatment.
Most of the products existent in the market are not biodegradable which can
contribute to the population’s concern when discussing the use of nanotechnology. The
use of biodegradable materials cannot only increase these materials acceptance among
society but it can also offer a greener and safer alternative for environmental remediation
of pollutants. Furthermore, new technologies that can rely on a target-specific capture of
contaminants are especially attractive as they can overcome low efficiencies derived from
off targeting. Therefore, different studies have focused on using the principles of
nanotechnology and combining it with chemical and physical modification of the surface
of the materials in an effort to obtain enhanced materials that can overcome many of the
challenges involved with the remediation of contaminants [23,24]. Target-specific
capture, costs, non-toxicity, biodegradability, and recyclability are some of the key
challenges that must be overcome when developing new nanomaterials for environmental
remediation.
Among the many possible ways through which a contaminant can be remediated
are absorption, adsorption, chemical reactions, photocatalysis, and filtration, as
summarized in Figure 1.1 [20,25–30].
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Figure 1.1 Environmental remediation approaches. The different approaches through
which water, soil and air contaminants can be remediated are exemplified. Adsorption
techniques include the use of porous and non-porous materials, and nanoparticles,
photocatalysis have been investigated through the use of nanoparticles and
nanocomposites. Chemical reactions, such as oxidation and reduction, and dechlorination
have been demonstrated for materials such as iron-nanoparticles. Membranes and filter
are often times employed in aqueous systems to separate materials. Lastly, a variety of
sorbent materials, such as metal oxides and sponges, have been investigated for the
removal of contaminants from different media, such as oil from water, for instance.
1.2 Inorganic Nanoscale Materials
Metal-based Nanomaterials
Different metal-based nanomaterials have been described for the remediation of
numerous contaminants, but a vast majority is dedicated to the removal of heavy metals
5

and chlorinated organic pollutants from water. Metal and metal oxide nanomaterials are
highly efficient adsorbents exhibiting advantages such as fast kinetics and high
adsorption capacity [31] Nanoparticles are one of the most common type of
nanomaterials used for environmental remediation, in which they are highly flexible
towards both in situ and ex situ applications in aqueous systems [32]. Iron and iron oxides
NPs are extensively described in the literature for the removal of different heavy metals,
such as Ni2+ [33,34], Cu2+ [34], Co2+ [33], Cd2+ [35], as well as for the remediation of
chlorinated organic solvents [36,37]. Nonetheless, there are some challenges when using
NPs for the remediation of environmental contaminants. Aggregation is one of the major
concerns as it can significantly affect the reactivity of the material, and consequently
reduce the advantage of using nano scale materials as means of improving efficiency.
Another challenge when working with metal and metal oxide NPs is due to the possible
toxicity of the materials involved. In addition, costs and fate of the remediation
technology are also important factors to consider when opting for the use of NPs as a
remediation material. Some examples of strategies to overcome some of these challenges
are presented in this section.
Iron NPs typically exhibit a core-shell structure, with elemental iron (i.e. Fe0, also
termed “zerovalent”) comprising the core and mixed valent (Fe(II) and Fe(III)) oxides
forming the shell [38]. Figure 1.2 illustrates the mechanisms through which iron NPs can
be used for the remediation of environmental contaminants. Both chlorinated compounds
and heavy metals can be reduced via electron donation from the zerovalent iron core.
Additionally, the shell portion of the NPs can also facilitate the remediation of
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contaminants, such as those heavy metals that present a higher standard potential (E0)
than of the Fe2+/Fe couple [39].

FeOOH
M n+

FeOOH

Surface
Modification

Sorption
Fe(0)
M n+
M (n-m)+

Functional Groups
Fe(0)
Carboxylic Acid

Amine

Phosphonic Acid

Dopamine

Trimethoxy Silane

Cysteine

Cl

Cl

Cl

Cl

Reduction

Reduction

H

H

H

H

Figure 1.2 Degradation mechanisms of chlorinated contaminants and heavy metals
from aqueous systems using iron NPs. The inner core composed of zero valent iron can
act as an electron donator for the reduction of chlorinated compounds or heavy metals.
The outer shell comprised of mixed valent iron oxides can promote the remediation of
heavy metals through sorption mechanism.
In an effort to investigate how to overcome aggregation of the NPs, Hooshyar
(2013) explored the use of sonication of the iron NP solution to enhance Ni(II) and Co(II)
removal. It has been demonstrated that nanoclusters can be dispersed when exposed to
sonication, but the freed NPs are subject to re-aggregation if submitted to longer
sonication times. The iron NPs used in the experiments were spherical and 12 nm in
diameter. Hooshyar and co-workers (2013) demonstrated that sonication of the iron
nanoparticle solution can enhance the removal of Ni(II) and Co(II) with an optimal
sonication time of approximately 20 min for nickel removal and 30 min for cobalt
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removal. The maximum removal efficiencies obtained for each case were 38% for nickel
and 59% for cobalt.
Several studies have investigated the use of bimetallic NPs as means of
overcoming some of the challenges associated with monometallic NPs including their
propensity toward aggregation and their low stability. Often, different stabilizers and
surfactants are employed to increase the stability of nanoparticle solutions, however, the
addition of a second metal to the formulation can enhance the solution stability of the
material and obviate the need for stabilizers and surfactants [40]. Improved stability can
contribute to increased efficiency and capacity, and can accelerate the degradation rate of
contaminants [41]. The incorporation of a second metal, such as Pd (Lien and Zhang
2005; Chen et al. 2008; Nagpal et al. 2010; Z. Zhang et al. 2010; X. Wang et al. 2009), Ni
[47–50] and Cu [51,52], has been reported in the literature as a strategy for enhancing the
stability of zero-valent iron NPs (nZVI). Some noble metals (i.e. resistant to corrosion
and oxidation in moist air) can be combined with nZVI to catalyze dechlorination and
hydrogenation reactions with contaminants, therefore resulting in a more efficient
remediation method [53]. For instance, in their study of the effects of the addition of Pd
to nZVI particles, Wang et al. (2009) described an enhanced rate of dehalogenation of
chlorinated organic compounds, albeit at a higher cost due to the expense of elemental
palladium. Other alternatives to enhance the stability of NPs include the use of supporting
materials, such as several examples that follow in our discussion of polymer-based
materials (vide infra).
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Furthermore, another concern regarding the use of metal-based NPs is due to the
possible toxicity of the chemicals used to synthesize the material and of the byproducts
generated from the contaminant degradation. Poguberovic (2016) successfully
demonstrated the use of nZVI for the removal of Ni(II) and Cu(II) from aqueous
solutions. The nZVI used in the experiments were synthesized using oak and mulberry
leaf extracts. The compounds present in these high antioxidant extracts react with
iron(III) to form nZVI [54]. Using natural products for the fabrication of environmental
remediation materials is important to overcome concerns regarding the possible toxicity
of chemicals and byproducts when using chemical synthesis approaches. In addition, the
“green” synthesis of nZVI demonstrated by Poguberovi and co-workers (2016) have the
advantage of adding value to natural resources, such as the leaf extracts, that are
otherwise considered waste and providing a low-cost adsorbent for the remediation of
heavy metals from water. The study demonstrates fast kinetics and rate of adsorption of
the nZVI, with adsorption isotherm results showing a higher capacity for Ni(II), 777.3 mg
Ni/g when using oak leaf extracts, and higher capacity for Cu(II), 1,047 mgCu/g when
using mulberry leaf extracts. The maximum removal of Ni(II) was achieved at pH=8.0,
while the maximum removal of Cu(II) was achieved at pH=7.0. While this study is
promising, further investigation is necessary for a full-scale application of this material in
wastewater treatment. Furthermore, a pH sensitive remediation technology may impose
limitations to its applicability to in situ remediation, as some of the environment may not
present adequate conditions for the remediation to occur successfully and efficiently.

9

Silica Nanomaterials
Due to their versatility, mesoporous silica materials have gained attention for
various applications, such as adsorption and catalysis. Mesoporous silica materials
possess a number beneficial features for environmental remediation applications
including: high surface area, facile surface modification, large pore volumes, and tunable
pore size [55]. Due to their exquisite performance as adsorbents, a variety of studies have
reported the use of these materials for contaminant remediation in the gas phase.
Furthermore, different surface modifications of mesoporous silica materials have been
reported [56–67] The hydroxyl groups present on the surface of silica materials are
important for surface modification, gas adsorption, and other surface phenomena such as
wetting. Grafting of functional groups onto the pore walls is also a well-known strategy
to design new adsorbents and catalysts [58]. Figure 1.3 illustrates mesoporous silica
materials and their surface characteristics that are important for adsorption applications.
Huang and Yang (2003) reported the selective removal of CO2 and H2S from
natural gas using amine-surface-modified silica xerogels and ordered mesoporous silica
(MCM-48). The reported efficiencies towards the removal of CO2 and H2S were
attributed to the high availability of amine groups on the surface of the silica materials.
At room temperature, 80% removal of the total amount of CO2 (i.e. 50mg/g of sorbent)
was achieved in the first 30 min of the experiment, showing a high adsorption rate and
large capacity. Similar results were obtained for the removal of H2S, where 80%
adsorption was achieved in the first 35 minutes.
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Figure 1.3 Example of mesoporous silica materials used for environmental
remediation of contaminants. Mesoporous silica has been widely employed for
remediation of a variety of contaminants through grafting of specific functional groups
onto the walls of the pores of the silica material. Different approaches can be employed
for the successful functionalization, such as covalent tethering, physical impregnation and
In situ polymerization.
Furthermore, in a number of investigations, a research group [68–74]
demonstrated the utility of amine-modified aluminosilicates for the capture of CO2 and
other carbonyl compounds including aldehydes and ketones. It was determined that CO2
capture is possible through a reversible adsorption of the gaseous molecule onto the
aminosilica material. Similarly, the formation of an imine or hemiaminal was required for
11

the capture of aldehydes and ketones. In their analysis of the capacity and recyclability of
these materials for CO2 remediation, it was determined that CO2 adsorbs reversibly and
that the material remains stable after 50 cycles of repetitive adsorption-desorption
cycling. The capture event exhibits very fast reaction kinetics, reaching up to 90% of the
total capacity (up to 7.9 mmol g-1) of the material within the first few minutes of
treatment. Consequently, these materials represent a viable alternative to traditional CO2
capture by aqueous amines and other silica supported amines in that they are less
expensive, easier to synthesize, and exhibit greater performance and stability [68]. Rather
than a post-treatment functionalization technique applied to a scaffold material, these
materials incorporate the amine functionality during its fabrication. However, this
incorporation limits the use of the material uniquely to contaminants that react with
amines, not being possible to easily alternate to other functionalities for the capture of
contaminants that may not react with amines.
The Jones’ group also used amine-functionalized porous silica as an aldehyde
abatement material to capture low-molecular weight aldehydes (e.g. formaldehyde).
Specifically they determined that 1.4 mmol g-1 was retained in silica materials containing
primary amines, 0.8 mmol g-1 for materials containing secondary amines, and a negligible
amount for tertiary amines. These results suggest that the primary, rather than the tertiary
amines are better suited for capturing aldehydes, consistent with covalent capture of the
target contaminant by formation of imine and hemiaminal intermediates. In the same
study, they also investigated the capture of a few higher molecular weights, less volatile
aldehydes. Unfortunately, the reaction time necessary to achieve equivalent performance
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with these target contaminants was in excess of 10 h, a much longer period of time
compared to formaldehyde adsorption [70]. Therefore, this extended reaction time may
impose a limitation on the application of these materials in an industrial environment,
where a fast remediation of the contaminant may be fundamentally necessary.
In addition to gaseous captures, silica based materials have been reported for the
removal of organic dyes. Tsai (2016) investigated the functionalization of mesoporous
silica with –COOH groups due to the fact that carboxylic acid can form hydrogen bonds
with different types of compounds, such as metal ions, dyes and pollutants. The group
was able to successfully functionalize mesoporous silica SBA-16 with tunable loadings
of carboxylic acid groups. The study indicated that the specific interactions between the
carboxylic aicd functional groups and the target adsorbate molecules only occured at
specific pH values. For instance, the maximum uptake for methylene blue was obtained
at a pH = 9. While these materials may be effective adsorbents under basic conditions,
the pH dependency likely imposes a limitation on the practical utility of material.
Furthermore, in a recent published review article, Vunain (2016) summarized a series of
amino-functionalized

[76–80]

aminopropyl-functionalized

[81–86]

and

thiol-

functionalized [87–91] silica materials for the remediation of different metal ions, such as
Cd(II), Co(II), Cu(II), Zn(II), Ni(II), Al(III), Cr(III), Pb(II), Hg(II) and U(VI).

1.3 Carbon-based Nanomaterials
The structural composition of elemental carbon and its mutable hybridization
states account for the unique physical, chemical and electronic properties of
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carbonaceous materials [92] compared to metal-based nanomaterials. Mutable
hybridization states can yield different structural configurations such as fullerene C60,
fullerene C540, single-walled nanotubes, multi-walled nanotubes, and graphene [27]. In a
variety of investigations determining the suitability of carbon nanotubes and graphene for
environmental remediation applications, it is reported that surface treatments, activation,
or functionalization of the pristine carbon material is first required. Multi-walled and
single walled carbon nanotubes (MWCNTs and SWCNTs) have been the subject of many
studies. The adsorption properties of these materials make them particularly useful for the
removal of organic and inorganic pollutants from air and from large volumes of aqueous
solution [92–95]. Carbon based nanomaterials are also employed to remediate
contaminants through photocatalytic approaches.
Figure 1.4 demonstrates the photocatalytic approach for the remediation of
environmental contaminants. Under UV light, photons of energy greater than or equal to
its band gap promote the generation of valence band holes (h+) and conduction band
electrons (e-). The holes are responsible for the formation of hydroxyl groups that take
part in the oxidation of chlorinated organic compounds. The electrons form superoxide
radicals that take part in the reduction of heavy metal contaminants. Different studies
have been reported in the literature, describing the use of graphene to fabricate
photocatalytic nanocomposites [96–99]. Graphene composites containing TiO2 NPs show
increased photocatalytic activity when compared to bare TiO2 NPs due to an increase in
conductivity [96].
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Figure 1.4 Photocatalytic degradation mechanisms of metal and organic
contaminants. Different materials such as nanoparticles, CNTs, and nanocomposites
can be employed for the photocatalytic degradation of organic contaminants and
heavy metals. Photons of energy constituent of the materials can be excited upon UV
light exposure, promoting the formation of valence band holes that take part in the
photo-oxidation of organic contaminants, and the formation of conduction band
electrons that take part in the photo-reduction of heavy metals.
Graphene Materials
Graphene, used in either a pristine or modified form, has been investigated for
environmental remediation applications. Li et al. (2011) used pristine graphene as an
effective adsorbent for the removal of fluoride from an aqueous solution. The monolayer
adsorption capacity of fluoride by graphene was 35.59 mg/g at 298 K and pH = 7.0. The
large adsorption capacity and efficiency make graphene a promising fluoride adsorbent.
Even though pristine graphene can be used for environmental remediation applications, a
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variety of techniques rely on the use of modified graphenes for the remediation of
different compounds [101]. Surface modifications decrease the aggregation of the
graphene layers and increase the effective surface area, making modified graphene a
more promising material than pristine graphene [102]. Graphene oxide (GO) is an
example of modified graphene that has been described for environmental remediation by
adsorption of a variety of gaseous and water contaminants, such as SOx, H2S, NH3,
volatile organic compounds, heavy metals, pesticides, and drugs. Several oxygencontaining functional groups, such as carboxylic acids, epoxides and hydroxyls are
present on the carbon surface of GOs [101]. The strong acidity of the layered GO
structure facilitates acid-base interactions with basic contaminant gases, such as ammonia
[101]. Seredych and Bandosz (2007) reported the removal of ammonia, showing an
increase in the pH of the GO material used in the adsorption process, changing from 3.16
before adsorption to 7.66 after. Furthermore, their GO material was reported to adsorb a
much higher amount of NH3, (i.e. 61 mg of NH3/g of GO), than oxidized activated carbon
samples (26.7 mg of NH3/g of oxidized carbon sample) [103]. In addition, GO has been
reported to present high adsorption capacity for cationic metals.

Nonetheless, the

removal of anionic metals requires the modification of GO with organic or metal oxides
[101].
Y. Zhang et al. (2010) used TiO2-graphene nanocomposites for the remediation of
benzene, and evaluated the influence of different ratios of graphene on the photocatalytic
activity of the nanocomposite. Although their initial enhancement of the photocatalytic
activity was successful with a use of higher graphene ratios, the results suggest that
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beyond the optimum graphene ratio, the photocatalytic activity can decrease with further
addition of graphene. Consequently, controlling the composition ratio in the
nanocomposite is essential for achieving an optimal photocatalytic performance, which
for this study was obtained using 0.5 weight % graphene. Other graphene percentages
used in the study were 0.2%, 1%, 2%, 5%, 10%, 25-30%. For the best formulation, (i.e.
0.5% graphene), the conversion of benzene is maintained at 6.4% for up to 28 hours of
reaction, indicating that the material has a very stable activity toward degradation of
benzene.
Furthermore, ZnO-graphene and CdS-graphene composites have also shown
photocatalytic capabilities towards water contaminants. Liu et al. (2011) synthesized
ZnO-graphene for the photocatalytic reduction of Cr(VI) under UV irradiation. The
removal rate obtained for the composite was 40% higher than the removal rate obtained
for pure ZnO material. Similar to the experiments reported by Y. Zhang et al. (2010), Liu
and coworkers (2011) investigated how different weight percentages of graphene can
affect the removal rate of Cr(VI) contaminents in water. As the percentage of graphene
increased the removal rate initially increased, reaching a maximum value of 98% for the
formulation containing 1.0 wt% of graphene. However, further increase in the graphene
content resulted in a decrease of the removal rate. In another similar study, N. Zhang et
al. (2013) reported the effect of different weight addition ratios of graphene to CdSgraphene nanocomposites, also showing that excessive addition of graphene can lower
the photoactivity of the nanocomposite due to lower light intensity and decreased amount
of CdS, the primary photoactive ingredient of the composite. They report that 5% is the
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optimum weight addition ratio of graphene and that 100% reduction of Cr(VI) in water
can be obtained within 20 min, which is much higher than the reported value for
unadulterated CdS (39%). The modification of graphene with other components, such as
metal oxides, promotes an enhancement in the material’s applicability as it expands the
array of contaminants it can degrade. While GO materials cannot be employed for the
remediation of anionic metals, modified graphene materials can be use for a wide array of
contaminants, depending on the nature of its modification.

Carbon Nanotubes
Mostly notably, efforts have been undertaken to open the closed ends of pristine
CNTs in order to enhance their adsorption properties [105]. Generally, SWCNTs are
arranged in a hexagonal configuration (i.e. one nanotube surrounded by six others), thus
forming bundles of aligned tubes with a heterogeneous, porous structure. For a typical
open-ended CNT bundle, adsorption can take place in four different available sites, which
are of two types: those with lower adsorption energy, localized on external surfaces of the
external CNTs composing the bundle; and those of higher adsorption energy, localized
either in between two neighboring tubes or within an individual tube [92]. Adsorption on
external sites reaches equilibrium much faster than adsorption on internal sites due to the
direct exposure of the external sites to the adsorbing material. MWCNTs do not usually
exist as bundles, except when specific methods of preparation are used to create such
configurations. Yang et al. (2001) demonstrated in their nitrogen adsorption studies that
different types of pores (i.e. inner and aggregated) create a multi-stage adsorption
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process. Aggregated pores were shown to be more significantly responsible for the
adsorption properties of these materials than other types of pores.
Furthermore, another factor that can influence the adsorption capacity of CNTs is
the oxygen content. Depending on the specific synthetic procedures and the associated
purification processes, CNTs may contain –OH, -C=O and –COOH groups that can
positively affect adsorption capacities. Different chemicals, such as HNO3, KMnO4,
H2O2, NaOCl, H2SO4, KOH and NaOH, can be used to oxidize CNTs. Increased Pb2+,
Cd2+, Ni2+ and Cu2+ adsorption capabilities were reported for CNTs oxidized with nitric
acid [40]. Furthermore, for pH controlled experiments, Li et al. (2003) reported that the
amount of cationic dyes adsorbed increased with the pH due to electrostatic attraction
between the CNT surface and the positively charged dyes. Although the properties of the
CNTs adsorbate play an important role in the efficacy of contaminant adsorption, many
physicochemical properties of the adsorbate gas, such as molecular weight, permanent
electric dipolar moment, and critical temperature can significantly affect the adsorption
phenomena of these CNTs [105]

1.4 Polymer-based Nanomaterial
Many conventional technologies have been used to investigate the remediation of
different gaseous contaminants, such as volatile organic compounds (VOCs) in an effort
to decrease air pollution. Unfortunately, the high costs, and low efficiency resulting from
inadequate reactivity limits the use of these conventional technologies when compared to
nanotechnology-based materials [4,21,108–113]. Although the large surface area-to-
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volume ratio of nanomaterials contributes to higher reactivity with concomitant improved
performance, the occurrence of aggregation, non-specificity, and low stability can limit
the use of these nanotechnologies due to the lack of functionality. An alternative to
enhance stability of nanoscale materials is to employ the use of a host material, the
purpose of which is to serve as a matrix or support to other types of materials (e.g NPs)
[114,115].
Polymeric hosts are often employed to enhance stability and overcome some of
the limitations of NPs and tailor other desirable properties (e.g. mechanical strength,
thermal stability, durability, and the recyclability of the material in question). Polymersupported nanocomposites (PNCs) consist of materials that utilize a polymer as a host
material that serves as the medium through which NPs are either interspersed or coated
on top. This material combines the desirable properties of both polymers (i.e. exquisite
mechanical strength) with those of NPs (i.e. high reactivity, arising from their large
surface to volume ratio). Various polymers have also been used in the fabrication of
membranes that incorporate metal and metal oxide NPs for environmental remediation
applications [30,116–118]. In polymeric nanocomposites, polymers are typically used as
host materials and other constituents of the composite, such as NPs, are responsible for
the contaminant remediation [114]. However, functionalized polymers have also been
described as the main material responsible for the remediation. Polymer materials can be
used to design technologies exhibiting target-specific capture of compounds from
gaseous mixtures in order to prevent off-target fouling that could otherwise contribute to
a decrease in the material’s performance [19].
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Amphiphilic polyurethane (APU) NPs have been developed for the remediation of
polynuclear aromatic hydrocarbons (PAHs) from soils, thus validating the hypothesis that
NPs can be engineered with desired properties [119]. The hydrophilic surface of the
particles promotes mobility in the soil, while the hydrophobic interior of the material
confers affinity for the hydrophobic organic contaminants. The ability of NPs to remove
phenanthrene (PHEN) from contaminated aquifer sand indicated that APU did recover
approximately 80% of the PHEN sample. An analysis of different formulations indicated
that the APU particle affinity for PHEN increased when the size of the hydrophobic
backbone was also increased. Further, increasing the number of ionic groups on the
precursor chain contributed to a reduction in APU particle aggregation in the presence of
polyvalent cations [119]. While the application of these materials in the environment
could be beneficial for contaminant remediation, there is no report on the
biodegradability of such materials, which contributes to concerns regarding their fate
after application.

1.5 Discussion
Inorganic, carbonaceous, and polymeric nanomaterials are different types of
materials that can be successfully employed for a variety of environmental remediation
applications. Selecting the best nanomaterial to mitigate pollution in a specific
environmental context requires an in-depth analysis of the type of contaminant to be
removed, the accessibility to the remediation site, the amount of material to be used, and
whether it is advantageous to recover the remediation nanomaterial. In that each material
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has its own advantages and issues related to its applicability, we provided here an overall
perspective of the use of some of these nanomaterials in environmental remediation.
Although a variety of studies have been undertaken to investigate the use of
nanotechnology, concerns regarding the application of nanotechnology for environmental
remediation purposes have yet to be addressed. Also while many studies do demonstrate
efficacy in laboratory settings, more research is necessary in order to fully understand
how nanotechnology can significantly affect the remediation of environmental
contaminants in real case scenarios (e.g. the remediation of contaminated water, soil and
air from industrial processes). Also, while the mechanisms through which the different
nanotechnologies are applied are well known, what happens to these materials after they
have been applied for contaminant capture or degradation is underexplored. Even though
the recyclability of some materials have been described, it appears that at some point the
efficacy of these materials declines, which makes them no longer useful. Therefore,
research is necessary to elucidate the fate of these materials after introduction to the
environment for remediation purposes in order to avoid the possibility of these materials
becoming themselves a source of environmental contamination.
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CHAPTER TWO
ASSESMENT OF RELEVANT GASEOUS
COMPOUNDS AT AN INDUSTRIAL SITE

2.1 Introduction
Air pollution is a worldwide issue effecting the population contributing to the
development of a variety of health conditions, such as respiratory problems, cancer, and
cardiovascular diseases[1–7]. Researchers throughout the world have been devoted to
exploring different technologies that could help monitor, prevent and remediate the
different contaminants[8–15]. Regulations are often times created in order to minimize
the effects of pollution on the population[16–18]. The Clean Air Act is an example of a
comprehensive federal law regulating air emissions in order to address the public health
and welfare risks posed by a variety of air pollutants[19,20]. While many industrial
sectors contribute to the air pollution, some industries can be more significantly affected
by the results of their processes than others. Many industries, while still maintaining their
emission within the regulation limits, suffer from the malodorous air stream originated
from their processes. Some important sectors, such as water-treatment and sewage plants
are well known to produce/handle mal odors[21,22]. Nonetheless, other less discernable
industries are also affected by the production of mal odorous gases during their processes,
as it is the case of the animal rendering plants[23,24].
Roughly one third to one half of the live weight of livestock is not typically
suitable for human consumption. The rendering industry plays an important role in the
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broader agricultural enterprise by providing an efficient removal and decontamination, as
well as repurposing of the large by-product stream from livestock and slaughterhouse
operations. In fact, rendering operations process 49% of the live weight of cattle, 44% of
the live weight of hogs, 37% of the live weight of broiler chickens, and 57% of the live
weight of fish, as those are not consumed by humans [25]. Rendering cooking processes
reduce the large volumes of animal by-products by the removal of moisture and the
separation of fats from protein products. Further, the process provides an effective means
to neutralize or deactivate biological contaminants, such as bacteria, viruses, parasites
and protozoa. The products of the rendering process generate a nutrient-rich, high-energy
food source for poultry, livestock and aquaculture. Disposal alternatives in the absence of
rendering would rely on environmentally and economically untenable solutions such as
landfilling or incineration, which in either case would pose serious public health concerns
and impractical energy requirements [25].
State and federal agencies closely regulate the rendering industry with routine
inspections of the facilities. Among the different agencies responsible for regulated
inspections is the Food and Drug Administration (FDA) responsible for inspecting
rendering facilities for compliance to Bovine Spongiform Encephalopathy (BSE) related
regulations and chemical residues tolerance. The Animal and Plant Health Inspection
Service (APHIS) is responsible for issuing export certificate and therefore also inspects
rendering facilities for compliance to restrictions that may be imposed by the importing
country. Finished products are inspected and tested by state feed control officials to
ensure quality, compliance to feed safe and adulteration policies. Other state agencies
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also play important roles by issuing air quality permits and feed and rendering licenses
[25]. The rendering industry invests significant efforts and capital into controlling odor
emissions that result from the processes. Modern facilities, for instance, are equipped
with sophisticated mechanisms for controlling particulate and odor emissions.
Malodorous emissions from rendering processes are controlled by a variety of strategies,
including combustion/incineration, chemical oxidation and wet and biological scrubbing
[26–29]. Despite all the technological advances applied to the rendering process, the
industry still suffers from nuisance odor problems that can contribute to public relations
issues and make site selection for new operations difficult.
Thus, a thorough investigation of the VOCs emitted from the rendering process, at
different sites of the plant, and during different seasons of the year, might help
researchers better understand the constituent molecules responsible for nuisance
rendering odors. Herein, we describe the results of a series of on-site air sampling studies
at a dead-stock skinning plant and a rendering facility in California, USA in both winter
and summer.

2.2 Materials and Methods
An overview of methodology, objectives, and parameters can be found in Table
2.1.
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Table 2.1 Experimental Plans for the assessment of relevant gaseous compounds at an
industrial site

Methodology

Objectives
•

Sample Collection
(Using a combination
of sampling
equipment and
standardized analyses
methods)

Assessment of the
different chemical
compounds present at
a rendering plant,
specifically volatile
organic compounds
(VOCs), such as
aldehydes, carboxylic
acids, sulfur,
carbonyls, amines
and ammonia

Parameters

•

•
•

•

Data analysis and
interpretation

•

Determination of the
relevant gaseous
compounds

•

•

Different plant sites
(upwind/in the
plant/downwind)
Different seasons
(summer/winter)
Different rendering
facilities (deadstock/rendering)

Chemical functionalities
detected at the different
sites
Specific chemical
compounds found
within each chemical
functionality group
analysis
Comparative data
between summer and
winter

Sampling Sites: We conducted on-site ambient air sampling at two plants in the
Central Valley region of California, USA. The first site, herein referred to as the “deadstock facility”, was dedicated to processing mostly dead stock cattle along with some
swine. Specifically, this plant (Figure 2.1A) was an open-air facility that processed fallen
cattle and calves from regional dairy operations by removing the hides and then
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quartering the carcass. The resultant carcass sections were then passed through an auger
and loaded via a conveyer into a tractor-trailer for shipment to a rendering plant for
further processing. Simultaneously, the hides were collected, rinsed, salted, and stacked
onto pallets for shipment to tanneries. Odor streams for this operation include those
associated with the dead and decomposing animals, rumen fluid and manure from the
opened carcasses, and the substantial wastewater stream associated with the process,
which is pumped into a series of settling ponds on site. This particular site processes
between 500 to 800 fallen cattle and calves per day.
The second facility was an open air rendering plant located within 50 miles of the
dead-stock facility. This plant (Figure 2.1B) rendered material from the dead-stock
facility, as well as other sources. In this plant raw material was fed into large screw
auger that feeds into high pressure cookers and grinders. The cooked material is then
pressed in order to separate the fats from the protein meal, which is further ground and
dried. The rendered products (protein meal or fats) are then loaded into tractor-trailers
for shipment off-sight.

Odor streams for this plant included those associated with the

raw material pile, cooking vapors, and the significant wastewater stream associated with
the operation. Similar to the dead-stock facility, the wastewater was processed via a
series of settling ponds on the property.

38

Downwind

Downwind

*

*

Trucks

Ponds

Skinning Shed

*

Plant

Dead animals

Hide
Processing

Loading Area

Ponds

Raw
material

PLANT

Grease
processing

Ponds

*

Hogger

Up-wind

*

Upwind

Cookers

Meal
drying
Drive-thru

Office

*

Offices

Upwind

A) Dead-Stock Facility

B) Rendering Plant

Figure 2.1 Schematic representation of rendering facilities. A) “Dead-stock facility”
and B) open-air rendering plant. The different sites at which sampling experimentations
were conducted are marked with a red asterisk. The schematics are visual representations
of the two different plants layouts and their processes.
We conducted extensive ambient air sampling at both facilities at three different
sites on each property, as depicted in Figure 2.1B. Further, the sampling was conducted
both in the winter (early January) and summer (early August) seasons. At each plant, 3
different areas were sampled: up-wind or down-wind of the operation and directly in the
plant area.
Sample collection: We collected samples at each site using a combination of
sampling equipment and standardize analyses to assess the VOCs in the two plants
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(Figure 2.1). In all cases, the field samples were analyzed by means of standardized
methods by one of two contract environmental analysis laboratories in California, USA.
First, we set out to obtain a broad survey of detectable VOCs by collecting 8-hour
ambient air samples using evacuated 6 L silicon-coated summa cans (i.e. SiloniteTM).
These samples were then analyzed for Volatile Organic Compounds and Tentatively
Identified Compounds (TICs) by contracting with an environmental laboratory that
employed EPA method TO-15. Briefly, the samples were prepared for analysis by the
contract laboratory by bringing the canister to positive pressure with ultra-high purity
helium.

Next up to a 500 mL aliquot of the canister contents was collected and

concentrated, passed through a water/CO2 management system, and cryofocused prior to
injection into a GC/MC for analysis following the EPA TO-15 protocol. By means of a
similar protocol, the summa canister samples were also utilized to conduct an analysis for
Total Reduced Sulfur via GC/SCD analysis following the ASTM D-5504 method.
We also collected 100 min samples using a series of sampling cartridges and
pumps to assay for volatile amines, ammonia, volatile fatty acids, and carbonyls (i.e.
aldehydes and ketones), respectively. For example, the carbonyls analysis was conducted
by pumping plant air through a commercially available cartridge of 2,4dinitrophenylhydrazine (DNP) impregnated silica gel at a flow rate of 1000 mL/min.
This sample was then extracted and a 10 mL aliquot of the extract was analyzed by
HPLC/UV using EPA method TO-11A. Similarly, amines were sampled using a silica
gel cartridge (250 mL/min flow rate) and analyzed using the NIOSH 2010 method.
Ammonia was sampled utilizing a sulfuric acid coated Anasorb® cartridge (250 mL/min
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flow rate) and analyzed using the OSHA ID-164 method. Volatile fatty acids (VFAs)
were sampled using a sodium hydroxide-coated silica gel cartridge (700 mL/min flow
rate) and were analyzed by GC/MS according to standard operation procedures of one of
the contract laboratories. In the obtained reports for all samplings, the results were
presented in relation to the Method Reporting Limit (MRL) value.

2.3 Results and Discussions
Winter Sampling: In January of 2015, we collected VOC/TIC and sulfur analysis
of 8-hour summa can samples at both the dead-stock facility and the rendering plant.
Additionally, we collected 100 min ammonia and VFA analyses at both sites. At both
plants, we collected air samples in three different locations: up-wind from the plant,
inside the plant, or down-wind from the facility (See Figure 2.1 for sampling sites). A
qualitative summary of the results from these experiments appears in Table 2.2. Sulfur
sampling experiments showed no detectable reduced sulfur compounds at either plant at
any of the sampling sites. VFAs and ammonia were detected in both facilities in the plant
region. VOCs were detected at all plant regions in the rendering facility whereas at the
dead-stock plant, VOCs were detected up-wind and in the plant site regions but not
down-wind.
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Table 2.2 Chemical compounds sampling at the rendering facility and dead-stock
facility.
Winter
Compound
Sulfur
Ammonia
VFAs
VOCs

Up wind
✗
✗
✗
✓

Rendering
In the Plant
✗
✓
✓
✓

Down wind
✗
✗
✗
✓

Up wind
✗
✗
✗
✓

Dead-stock
In the Plant
✗
✓
✓
✓

Down wind
✗
✗
✗
✗

✗ Not detected (within the method limits), ✓ = detected

Summer Sampling: We conducted similar analyses at the same sites in both
plants the following summer (August 2015). In addition to the analyses described above,
we also conducted 100 min amine and carbonyl analyses as well. The results of these
studies are summarized in Table 2.3.

The sulfur and amine sampling experiments

showed no detectable reduced sulfur or amine compounds at either of the plants at any of
the sampling sites. The ammonia analysis shows that the compound is detectable at the
rendering facility both inside the plant and down-wind. Ammonia was not detected at the
dead-stock facility. Volatile fatty acids (VFAs) were detected both at the rendering and
at the dead-stock facility but only in the plant, not up or down-wind. Furthermore,
carbonyls and VOCs were detected at all three sampling regions in both facilities (Note:
down-wind carbonyl sampling at the rendering facility failed due to a pump malfunction)
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Table 2.3 Chemical compounds sampling at the rendering facility and dead-stock
facility.
Summer
Compound
Sulfur
Amine
Ammonia
VFAs
Carbonyls
VOCs

Up wind
✗
✗
✗
✗
✓
✓

Kerman
In the Plant
✗
✗
✓
✓
✓
✓

Down wind
✗
✗
✓
✓
✓

Up wind
✗
✗
✗
✗
✓
✓

Hanford
In the Plant
✗
✗
✗
✓
✓
✓

Down wind
✗
✗
✗
✗
✓
✓

✗ Not detected (within the method limits), ✓ = detected

The complete list of the different compounds detected at the rendering plants
reveals a greater amount of compounds over the summer than over the winter collections
Table 2.4. This result is as expected since the presence of these compounds is highly
associated with the temperature. During the summer, temperatures are significantly
higher and contribute for greater volatilization of compounds.
Some compounds can be detected in more than one of the testing methods, as it is
the case of acetone for instance. This is due the fact that some of the testing methods
employed in the experiments can detect different functionalities. For instance, carbonyls
are defined as compounds that contain a carbon atom double-bonded to an oxygen atom.
This definition includes different functional groups such as aldehydes and ketones.
Similar to the carbonyls, VOCs is a general definition comprised of any compound that
readily vaporizes at room temperature. This includes a variety of functional groups,
including carboxylic acids, aldehyde, alcohols, amines and amides.
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Table 2.4 Comparative list of the different chemical compounds detected in the
plants during summer and winter.
Winter
Ace$c Acid
Butanoic Acid
Propionic Acid
Pentanoic Acid
2-Methylpropanoic Acid
2-Methylbutanoic Acid
3-Methylbutanoic Acid
Ethanol
Acetone
Methanol
2-Propanol
2-Butanone
Propene
Toluene
Benzene
Ammonia

Summer
Ace$c Acid
Butanoic Acid
Propionic Acid
Pentanoic Acid
2-Methylpropanoic Acid
2-Methylbutanoic Acid
3-Methylbutanoic Acid
Ethanol
Acetone
Methanol
2-propanol
2-butanone
Propene
Toluene
1,2,4-Trimethylbenzene
Ethyl Acetate
Hexane
Heptane
4-Methylpentanoic Acid
Hexanoic Acid
Octanoic Acid
Heptanoic Acid
2-Ethylhexanoic Acid
Carbon Disulﬁde
Ammonia

Winter: Usually, hazardous compounds are regulated through different exposure
limit values, such as time-weighted average (up to 10-hour workday) TWA, short-term
exposure limit (STEL) and ceiling value (C). According to the California Division of
Occupational Safety and Health (Cal/OSHA), the short-term Exposure Limit (STEL) for
ammonia is 35 ppm [30]. STEL value is a 15-minute TWA exposure that should not be
exceeded at any time during a workday. Ammonia experiments were conducted during a
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100 min time period and the results show that the detected concentration was 0.73 ppm at
the rendering facility and 1.6ppm at the dead-stock facility. Since the results were
obtained for a 100 min time period, a comparison between experimental and regulated
value can best be made using the STEL values, since they are obtained over a much
shorter period of time when compared to TWA. Therefore, the values observed for the
experiment fall squarely within safe regulated levels.
The results for the VFAs testing are depicted in Figure 2.2A. At the dead-stock
facility the only VFA detected was butanoic acid at a 0.77 ppb concentration. On the
other hand, at the rendering facility another 6 VFAs were detected. The butanoic acid
concentration was fairly higher, 19 ppb, when compared to the dead-stock facility. Acetic
acid was the compound present at higher concentration, 78ppb, followed by propionic
acid (25 ppb). Compounds present in smaller concentrations include 2-methylpropanoic
acid (1.4 ppb), 3-methylbutanoic acid (1.3 ppb), pentanoic acid (2 ppb) and 2methylbutanoic, at the smallest concentration of 1.1 ppb.
Similar to the VFAs results, VOC sampling shows a greater amount of
compounds detected at the rendering facility. The only VOCs detectd at the dead-stock
facility were ethanol (4.73 ppb up-wind and 53.9 ppb in the plant), acetone (14.4 ppb in
the plant) and 2-propanol (7.73 ppb). At the rendering facility ethanol was also detected
up-wind (4.08 ppb) and in the plant (14.8 ppb), acetone was also detected in the plant
(13.8 ppb) but also down-wind (3.98ppb), and 2-propanol was only detected up-wind
(5.66 ppb). Other compounds detected in the plant include methanol (11.8 ppb) and 2butanone (2.88 ppb). Furthermore, propene, benzene and toluene were detected down-
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wind at 19.3 ppb, 1.44ppb and 1.34 ppb, recpectively. Chemical compounds detected in
the VOC air sampling analysis are depicted in Figure 2.2B.
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Figure 2.2 Chemical compounds detected at the rendering plants. A) VFAs air
sampling results and B) VOCs air sampling results.
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Summer: The ammonia sampling detected 2.8 ppmV in the plant and 0.99 ppmV
down-wind, which are well under the STEL limit (35ppm), so the values observed for the
experiment fall squarely within safe regulated levels.
Furthermore, VFAs compounds were detected in the plant site for both plants, but
were not detected in up or down-wind. The compounds were detected at greater
concentrations at the rendering facility; 320 ppb of acetic acid, 140 ppb of butanoic acid,
110 ppb of propionic acid, 9.50 ppb of pentanoic acid, 9.3 ppb of 2-methylpropanoic
acid, 8.0 ppb of 2-methylbutanoic acid and 3-methylbutanoic acid, 5.90 ppb of 4methylpentanoic acid, 5.50 ppb of hexanoic acid, 0.82 ppb of octanoic acid, 0.67 ppb of
heptanoic acid and 0.47 ppb of nonanoic acid. The sampling at the dead-stock facility did
not detect pentanoic, hexanoic, heptanoic, octanoic or nonanoic acids. The detect
amounts of the other compounds are: 60 ppb of acetic acid, 21 ppb of butanoic acid, 15
ppb of propionic acid, 2.7 ppb of 2-methylpropanoic acid, 1.5 ppb of 2-methylbutanoic
acid, 1.8 ppv of 3-methylbutanoic acid and 0.53 ppb of 4-methylpentanoic acid. Figure
2.3 shows the quantitative results of VFAs sampling in the plant site.
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Figure 2.3 VFAs quantitative results obtained in the rendering plants.

Cal/OSHA has regulations for only one of the compounds (acetic acid) presented
in Figure 2.3. The established STEL value for this compounds is 15 ppm, therefore the
levels observed for both plants are also within Cal/OSHA regulations [31]. Although no
STEL information was available for the other volatile fatty acids detected in the plants, a
recommend exposure limit (REL) for propionic acid has been described by NIOSH. The
concentration detected in both plants are below 150 ppb, which means that propionic acid
detected concentration is at least 100 times below the 15ppm regulated value [32,33].
VOCs experiments were conducted over 8-hour period and therefore comparison
is made with 8-hr TWA REL values. All detected compounds are below the REL
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provided by OSHA [34,35] (Table 2.5). Results for VOCs and carbonyls sampling are
shown in Figure 2.4 and 2.5, respectively.
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Figure 2.4 VOCs detected at the rendering plants. A) At the rendering facility and B)
At the “dead-stock facility”.
The VOC sampling detected acetone, ethanol and methanol in all three regions in
both facilities. Acetone concentrations detected in the dead-stock facility upwind, in the
plant and down wind were 3.97, 171 and 4.55 ppb, respectively; the concentrations
detected in the rendering facility for the same three regions were 4.22, 57.8 and 4.1 ppb.
Ethanol concentrations detected in the dead-stock facility upwind, in the plant and down
wind were 5.2, 80.6 and 6.43 ppb, respectively; the concentrations detected in the
rendering facility for the same three regions were 4.34, 44.4 and 5.24 ppb. Methanol
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concentrations detected in the dead-stock facility upwind, in the plant and down wind
were 11.0, 13.1 and 10.4 ppb, respectively; the concentrations detected in the rendering
facility for the same three regions were 11.7, 33 and 10.3 ppb. Carbon disulfide was
detected at the dead-stock facility in the plant and down with concentrations of 0.77 and
7.62 ppb respectively. At the rendering facility, carbon disulfide was only detected up
wind, with a concentration of 1.17 ppb. The other compounds detected at the dead-stock
facility, in the plant region, are: 2-propanol, heptane, ethyl acetate, 1,2,4trimethylbenzene and toluene, at concentration of 5.62, 4.47, 1.58, 1.5, 1.23 and 0.77 ppb
respectively. Other compounds detected in the rendering facility, in the plant region, are:
2-butanone, propene, 2-propanol and heptane with concentrations of 13.1, 5.44, 4.35 and
4.3 ppb, respectively.

Table 2.5 REL of different chemical compounds provided by OSHA.
VFAs
Ace$c Acid
Propionic Acid
2-methylpropanoic acid
Butanoic Acid
2-methylbutanoic acid
3-methylbutanoic acid
pentanoic acid
2-metylpentanoic acid
hexanoic acid
heptanoic acid

VOCs
Carbon disulﬁde
ethanol
acetone
methanol
hexane
heptane
2-propanol
propene
2-butanone
1,2,4-Trimethylbenzene
ethyl acetate
toluene

REL as 8-hr TWA (ppm)
10
10
-
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Figure 2.5. Carbonyls detected at the rendering plants. A) At the rendering facility
and B) At the “dead-stock” facility.
The carbonyl sampling at the dead-stock facility detected acetone, formaldehyde,
acetaldehyde, propionaldehyde and MEK and butyraldehyde in all three regions of the
plant. Benzaldehyde was detected in the plant and up wind but not down wind.
Hexaldehyde and valeraldehyde were detected only in the plant region. The results for the
analysis conducted at the rendering facility detected methacrolein and acrolein in the
plant site, in addition to all the compounds previosuly mentioned. The compounds
detected up wind were: MEK and butyraldehyde, acetone, acetaldehyde, propionaldehyde
and formaldehyde. (Note: No results were obtained for down-wind carbonyl sampling at
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the rendering facility failed due to a pump malfunction). Table 2.6 summarizes the results
for both facilities.

Table 2.6 Carbonyls detected at rendering and dead-stock facilities.

Formaldehyde
Acetaldehyde
Acetone
Propionaldehyde
MEK & Butyrladehyde
Benzaldehyde
Valeraldehyde
Methacrolein
Acrolein
Hexaldehyde

Up wind
1.31
1.8
2.56
0.561
0.389
0

Rendering
In the plant
3.31
39.1
54.3
6.97
60.4
0.682
3.66
1.73
0.661
5.58

Down wind

NA

Up wind
1.54
1.69
2.68
0.527
0.357
0.133

Dead-Stock
In the plant
2.68
3.09
241
1.9
0.58
0.175
0.505

0

0

Down wind
1.16
1.76
2.33
0.474
0.369
0

0.476

Many of the compounds detected in rendering plants are due to microbial
activities. Specifically, microbial decomposition of carbohydrates and proteins under
anaerobic conditions is believed to result in the production of organic compounds, such
as VFAs. Generally VFAs are produced as metabolic intermediates or end products from
different bacteria. Small fatty acids and aldehydes can also be originated from normal
decomposition of fats [36]. Furthermore, ammonia can be produced from urea hydrolysis
and during the deamination of amino acids. Similarly, amino acids containing sulfur in
their structure can generate sulfur compounds via metabolic processes and sulfate
reduction. VOCs are produced from stored decaying materials, such as the raw materials
and waste products. Just like VFAs, VOCs are the result of microbial degradation of
organic compounds, such as amino acids, peptides and lipids.
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All of the compounds that were detected fell within acceptable exposure limits.
This study aimed to identify the different functional groups present in the plants in an
effort to address the source of malodor. Odor threshold values (OTV) are defined as the
minimum concentrations required for the detection of the odors [36,37]. In general, these
values are significantly smaller than the concentration at which these compounds impose
health risks. Many of the compounds formed in the rendering industry processes have a
low odor threshold, therefore they are perceived as odor nuisances even when the
concentration are very low [37–40].
Although all the compounds are within the exposure limits regulations, some
levels reported for some compounds such as formaldehyde, acetaldehyde, acrolein,
carbon disulfide and toluene are above the odor threshold reported by Leonardos et al
[41]. All detected compounds and the odor threshold found in the literature are described
in Table 4.
This detailed list of detected compounds might provide a starting point for future
investigation of a material to be used for the remediation of these chemicals from the air.
Table 2.7 provides a summary of each detected VOC from the present study organized by
functional group. The * symbol next to a chemical name indicates that the compound has
been previously identified and described in the literature as an odorous compound [41,36]
According to the results reported here and elsewhere, we note that carboxylic
acids and aldehydes are the most prevalent compounds that contribute to the malodor
associated with rendering plants.
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Table 2.7 Compounds detected at the rendering plants.
Functional Group

Aldehydes and Ketones

Alcohols

Carboxylic Acids and
Esters

Hydrocarbons

Sulfur-containing
Nitrogen-containing

Compound
Formaldehyde*
Acetaldehyde*
Propionaldehyde*
Butyraldehyde*
Benzaldehyde*
Valeraldehyde*
Hexaldehyde*
Acetone*
2-butanone*
Methacrolein
Acrolein
Crotonaldehyde
m-tolualdehyde
2-propanol
Ethanol
Methanol
Butanoic acid*
2-methylbutanoic acid*
3-methylbutanoic acid*
Pentanoic acid*
4-methylpentanoic acid*
Hexanoic acid*
Heptanoic acid*
Octanoic acid*
Ethyl acetate*
Toluene
1,2,4-trimethylbenzene
Propene
Hexane
Heptane
Carbon disulfide*
Ammonia
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OTV
0.8-1.0ppm
0.05-2.3ppm
0.145-1.0ppm
0.0046ppm
0.042ppm
0.028-0.06ppm
20ppm
5-5.4ppm
0.0085ppm
0.02-0.4ppm
0.035-0.12ppm
22ppm
0.52ppm
33ppm
0.00019ppm
0.000078ppm
0.000037ppm
0.0006ppm
640 ppb to 10.4 ppm
910 ppb to 19 ppm
0.87ppm
0.33ppm
0.12ppm
13ppm
1.5ppm
0.67ppm
0.21ppm
1.5ppm
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2.4 Conclusions
Standardized sampling and analysis methods were used to determine the different
chemicals present at two rendering plants. Different standardized methods were used to
determine the concentration of a variety of chemical groups, including sulfur, amines,
ammonia, VFAs, carbonyls and VOCs. The results revealed that the plants contained a
variety of chemical compounds, among which some hazardous compounds were listed,
although all detected compounds were present in concentrations below regulated values.
A thoroughly analysis of all of the chemical compounds detected in both plants and
during winter and summer seasons, revealed that chemical functionalities such as
aldehydes and carboxylic acids were widely present. It is well known that a majority of
these compounds are often times noticeable by their bad odor. Therefore, the results of
the studies conducted at the rendering sites provided an overall understanding of the
different chemical functionalities that, if remediated, could positively contribute to a
decrease in the odor nuances observed in such industrial sites; which in turns provided
important insights for the development of a technology capable of remediating such
compounds.
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CHAPTER THREE
AMINE-FUNCTIONALIZED NANOPARTICLES FOR THE REMEDIATION OF
RELEVANT GASEOUS COMPOUNDS
3.1 Introduction
The environment has been greatly affected by the rapid pace of industrialization
and the increasing concentration of volatile organic compounds that are released. Volatile
organic compounds (VOCs) are examples of compounds with low vapor pressures that
are emitted into the atmosphere from sources divided into 2 categories: biogenic, mainly
vegetation, and anthropogenic [1,2]. Although biogenic sources emit approximately ten
times more than anthropogenic sources, in urban areas, anthropogenic VOCs often
dominate and therefore are of concern to the human population. VOCs include a variety
of reactive functional groups, such as aldehydes, carboxylic acids, alcohols, amines,
amides, aromatic compounds, etc.[3]
VOC emissions comprising short-chain, carboxylic acids and aldehydes are
emitted from both vehicular exhaust and the atmospheric photochemical oxidation of
olefin and hydrocarbon emissions.[4–7] Further, the global daily use of cookstoves and
fireplaces contribute to the emission of carbonyl compounds and incomplete combustion
products of biomass and fossil fuels, which in turn undergo atmospheric oxidation to
aldehydes and ketones [8–10]. Additionally, some aldehydes and carboxylic acid
contaminants are also observed in enclosed environments, such as homes and apartments,
due to various sources, including paints, aerosol and wood products [11]. High
concentrations of these VOCs are known irritants with the Environmental Protection
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Agency listing thirteen carboxylic acids and aldehydes/ketones as hazardous air
pollutants under the 1990 Clean Air Act Amendments [12–14]. Additionally, the EPA
lists three of those aldehydes/ketones as priority pollutants [15]. Aldehydes show the
most toxicity as mucosal membrane, eye, skin, and respiratory irritants; even causing
bronchial asthma symptoms with several reports of full asthma attacks [8,11,12,16].
Additionally, volatile carbonyl compounds are known for their low, often unpleasant,
odor thresholds; below 1 parts per billion (ppb) [13]. As previously discussed,
atmospheric reactions of primary emissions can form newly hazardous compounds. For
example

the

reaction

of

formaldehyde

with

atmospheric

HCl

generates

bis(chloromethyl)ether, a suspected carcinogen [10][17,18]. Both volatile organic
aldehydes and carboxylic acids are also implicated in the atmospheric generation of lightscattering aerosols, which contribute to increasing smog problems in urbanized areas
[5,7,8].
Environmental pollution has become a global concern and providing clean air and
water remains a challenge. Conventional technologies that have been used to treat
organic and toxic waste include adsorption, biological oxidation, chemical oxidation and
incineration. With the growth of nanotechnology, there is excellent potential for the
fabrication of nanomaterials with large surface-to-volume ratio, high chemical reactivity,
and unique functionalities to treat pollutants [19].
Nanomaterials play a large role in environmental remediation and have been used
for various applications such as the treatment of natural waters, soils, sediments,
industrial and domestic wastewater, mine tailings, and polluted air [3]. Nanomaterials are
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extremely versatile; they have been employed previously as adsorbents [20,21], catalysts
[22], and sensors owing to their unique properties. Nanomaterials can be functionalized,
by coating techniques or chemical modification, in order to: improve surface and optical
properties, avoid aggregation, and eliminate the interaction between the nanomaterials
and biological substances [19]
A variety of studies have exploited the use of nanomaterials for the remediation of
VOCs in an effort to decrease air pollution [19,23,24]. Examples include the use of metal
and metal oxide nanomaterials [23], dendrimers [19], carbon nanomaterials [24], and
polymer nanocomposites [25]. The target-specific capturing of compounds from gaseous
mixtures is a significant and difficult problem since off-target fouling of sorbents might
limit their utility. Therefore, a broad impact can be achieved with the development of a
method that can selectively capture compounds of different functionalities from complex
gaseous mixtures of various concentrations.
Here, we report a versatile and modular platform that can selectively target the
capture of aldehyde and carboxylic acid functional group classes in the gas phase. We
designed functional nanoparticles comprised of Poly(D,L-lactic acid)-poly(ethylene
glycol)-poly(ethyleneimine) (i.e. PDLLA-PEG-PEI) block copolymers that present a
branched polyamine functionality on their surface (Figure 3.1A). Recent work involving
the selective capture of aldehydes and CO2 using amino-functionalized mesoporous
silicates highlights the impact amine containing nanomaterials afford on targeting gases
[26–31].
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The Jones group has disclosed elegant studies utilizing poly(ethylenimine)-capped
mesoporous silicates for CO2 adsorption in direct capture from ambient air and flue gas
with reversible CO2 desorption capabilities [32,33]. By installing a branched amine on
the surface of our self-assembled NPs, we surmised that aldehydes might be captured by
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means of a condensation reaction to form an imine, whereas the carboxylic acids might
form ammonium carboxylates via acid-base reaction (Figure 3.1B).

3.2 Materials and Methods
An overview of methodology, objectives, and parameters can be found in Figure
3.2 and Table 3.1
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Figure 3.2 Overview of material’s preparation and performance. The material
preparation side of the figure demonstrates the obtaining of PDLLA-PEG-COOH
polymers using OH-PEG-COOH as the initiator for the ring-opening polymerization of
d,l-lactide. The subsequent step is the nanoprecipitation method used for the synthesis of
COOH NPs that are further treated for PEI functionalization employing cross-linking
chemistry. The material performance side of the figure demonstrates the use of GC
results to evaluate the material’s ability to capture VOCs.
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Table 3.1 Overview methodology, objectives and parameter for the development
of target-specific polymeric nanoparticles for the remediation of relevant gaseous
compounds.
Objective

Methodology

Parameters

Synthesize PDLLA-PEG-COOH
and PDLLA-PEG-OCH3
polymers to make nanoparticles

Ring opening
functionalization

Use PEG with different end groups

Nanoprecipitation

Use PDLLA-PEG polymer synthesized
with different end groups (COOH and
OCH3)

Crosslinking
chemistry

Use PDLLA-PEG-COOH polymer

Synthesize PDLLA-PEG-COOH
and PDLLA-PEG-OCH3 NPs
Functionalize COOH NPs
with PEI

Capture of aldehyde and
carboxylic acid vapors

GC headspace
Single vapor assay

Demonstrate that PEI NPs fail to
capture non-targeted
functionalities, such as alkenes

GC headspace
Single vapor assay

Investigate chemo selectivity of
our PEI NPs to check the
preferential binding to the
gaseous compounds holding
targeted functionalities

GC headspace
Competition assay
(simultaneous
analysis of 2
vapors)

Test the capability of the NPs to
simultaneously reduce more than
one functional group – real case
scenario is a chemically complex
environment with different
contaminants

GC headspace
Competition assay
(simultaneous
analysis of 2
vapors)
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Different molecules (to check the
effect of different chemical properties
on the capture)
- Chemical property: functional
groups (aldehydes and
carboxylic acids groups)
- Chemical property: Volatility
(molecules with different
molecular weights)
- Steric effect: Branched and
linear molecules
Use alkene vapor – off-target fouling
compound
Exposure of the NPs to aldehyde and
alkene vapors simultaneously
Exposure of the NPs to carboxylic acid
and alkene vapors simultaneously

Exposure of the NPs to aldehyde and
carboxylic acid, simultaneously

Materials
D,L lactide (PURASORB DL) was supplied by Purac Biomaterials.
ethylhexanoate,

sodium

sulfate,

anhydrous

toluene,

methanol,

Tin(II) 2chloroform,

poly(ethylenimine) solution (PEI, average MW ~1300 Da by LS, 50 wt. % in H2O) and N(3-Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride were supplied by SigmaAldrich. Acetonitrile was supplied by Fisher Scientific. Hydroxyl polyethylene glycol
carboxyl (HO-PEG-COOH, MW 3500 Da) and methoxypolyethylene glycol (HO-PEGOCH3, MW 5000 Da) were supplied by JenKem Technology.

Characterizations
NMR was performed with a Bruker Avance 300 MHz NMR. Chemical shifts are reported
in parts per million (ppm) and spectra are referenced to residual solvent peaks. TGA was
performed on a TA Instruments Hi-Res TGA 2950 thermogravimetric analyzer under
nitrogen from 25 °C to 600 °C at 20 °C min−1. FT-IR was performed with a Nicolet
Magna 550 with NicPlan FT-IR Microscope and Mapping Stage. Transmission electron
microscopy was performed with a Hitachi H7600.

Statistical Analysis
All statistical analysis was performed using a two-tailed t-test with at least three repeats
each, and 95% significance. Error bars on graphs represent the standard deviation from
the mean.
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Polymer Synthesis
Oven-vacuum was used to dry reagents at 28 Hg pressure. PDLLA-PEG-COOH
copolymer was synthesized via ring opening polymerization using hydroxyl polyethylene
glycol carboxyl as the initiator and tin(II) 2-ethylhexanoate as the catalyst. Briefly, HOPEG-COOH, d,l-lactide and Na2SO4 were vacuum-dried in a round bottom 3-neck flask
overnight before use. HO-PEG-COOH and d,l-lactide were dissolved by stirring in 120
°C anhydrous toluene under N2 gas. After 15 minutes, tin(II) 2-ethylhexanoate was added
to the reaction vessel, purged with N2, and refluxed for 12h. Next, the polymer product
was extracted in chloroform/water to remove residual catalyst and PEG. The organic
phase was collected and dried over Na2SO4, concentrated by rotary evaporation to
remove solvent, and precipitated in cold methanol. The same ring opening procedure was
used to synthesize PDLLA-PEG-OCH3, using d,l-lactide as the monomer, toluene as the
solvent, tin(II) 2-ethylhexanoate as the catalyst, but using HO-PEG-OCH3 as the initiator.
1

H NMR, FT-IR and TGA were performed for synthesized materials.

Nanoparticles synthesis
The conjugation reaction was carried out after nanoprecipitation of PDLLA-PEG-COOH
polymeric NPs using poly(ethylenimine) solution and N-(3-Dimethylaminopropyl)-Nethylcarbodiimide hydrochloride (EDC) to obtain PDLLA-PEG-PEI NPs. Two different
types of non-functionalized NPs were obtained from a PDLLA-PEG block copolymer;
PDLLA-PEG-COOH NPs were synthesized using PDLLA-PEG-COOH copolymer and
PDLLA-PEG-OCH3 NPs were synthesized using PDLLA-PEG-OCH3 copolymer. The
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purpose of synthesizing NPs with two different functional groups was to demonstrate that
functionalization of NPs with PEI requires a copolymer that contains a carboxylic group
that allows the conjugation reaction to occur. NMR, FT-IR and TGA were performed for
synthesized materials.

Gas Chromatography Materials
Solvents, reagents, starting materials, and product GC standards were purchased from
commercial sources and used without purification. Gas Chromatography (GC) analyses
were conducted using a Shimadzu GC-2014 Gas Chromatograph equipped with a
Shimadzu AOC-20i Auto Injector and a Flame Ionization Detector (FID). The GC was
equipped with a 30 m x 0.25 mm x 0.25 um Zebron ZB-WAX Plus capillary GC column.
Agilent Technologies Gas Chromatography vials with septum screw-caps, 1.5 mL in total
volume, were used in the analysis assays .

Splitless Method Temperature Profile for Vapor Assays.
GC analysis were carried out within the following parameters: inlet temperature: 250.0
o

C; splitless at 30.9 mL/min; injector sampling depth: 10 mm; column flow: 1.33

mL/min, constant pressure; carrier gas: helium; FID temperature: 225 oC; temperature
program: 40 oC for 5 min, 50 oC/min ramp to 200 oC, hold for 5 min.
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Methodology for Vapor Assay Analysis Via Gas Chromatography.
General Gas Chromatography procedure for vapor assays including 1) standard vapor
areas for each substrate and 2) functionalized nanoparticle formulation reactivity with
each individual vapor substrate.
1) General procedure for standard vapor area assay by GC analysis:
The opening of a 1.5 mL GC vial was covered with a 5 x 5 cm piece of Kimwipe tissue
paper. Using a glass stir rod, a small sample well was made with the Kimwipe by gently
applying pressure with the tip of the glass stir rod. A vial cap was secured on the vial and
a 1 uL injection of the volatile liquid substrate was introduced into the vial. After a 30minute vaporization equilibrium time, the vial was subjected to GC analysis as described
above.
1) General procedure for functionalized nanoparticle assays by GC analysis:
Using the previously described process for formation of a well within the GC vial, 10 mg
of the functionalized nanoparticle was added into the Kimwipe sample well and then
secured with a vial cap. A 1uL injection of the designated volatile substrate was
introduced into the vial and allowed to vaporize and subsequently react with the solid
nanoparticles for 30 minutes. Upon completion of the 30-minute reaction time, the vial
was subjected to GC analysis.

3.3 Results and Discussions
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First, PDLLA-PEG-COOH and PDLLA-PEG-OCH3 block co-polymers were
synthesized and characterized. Figure 3.3 shows the results obtained for 1H NMR
analysis.
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Figure 3.3 1H NMR spectrum of PDLLA-PEG-COOH and PDLLA-PEG-OCH3
block copolymers in (CD3)2SO. A) 1H NMR spectrum of PDLLA-PEG-COOH block
copolymer in (CD3)2SO. Copolymer and solvent shifts: 1H NMR (300 MHz, (CD3)2SO, δ
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(ppm)): 5.184 (q, –C(=O)–CH(CH3)–), 3.508 (s, –CH2CH2–O–), 2.508 (q, (CD3)2SO),
1.454 (m, –CH(CH3)–), and B) 1H NMR spectrum of PDLLA-PEG-OCH3 block
copolymer. Copolymer and solvent shifts: 1H NMR (300 MHz, (CD3)2SO, δ (ppm)):
5.183 (q, –C(=O)–CH(CH3)–), 3.508 (s, –CH2CH2–O–), 2.501 (q, (CD3)2SO), 1.468 (m,
–CH(CH3)–).
Polymeric nanoparticles (NPs) were synthesized and functionalized for capturing
target gaseous molecules of the aldehyde and carboxylic acid functional group classes.
Poly(D,L-lactic acid)-poly(ethylene glycol)-carboxylic acid (PDLLA-PEG-COOH) block
copolymer was synthesized and PDLLA-PEG-COOH NPs were obtained through the
solvent evaporation technique [34].

PDLLA-PEG-COOH NPs were reacted with

branched poly(ethyleneimine) (PEI) to obtain PDLLA-PEG-PEI NPs (Figure 3.1A),
through

an

amide

conjugation

reaction

with

1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC). The PEI polymer was chosen to functionalize
PDLLA-PEG-COOH NPs based on the presence of a suite of primary, secondary, and
tertiary amines in its structure. The two features that distinguish our NPs from the
materials developed during the course of the pioneering work of Jones and coworkers
[26–33,35] are both artifacts of our design strategy: 1.) our materials are based upon a
biodegradable and environmentally friendly PLLA polymer platform, which is critical to
eliminate environment contamination with metal silicate materials and 2.) our EDCmediated NP capping strategy is modular and tunable, which is critical to prevent offtarget capture of gaseous mixtures.

Nanoparticle Characterization
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Nuclear Magnetic Resonance (NMR) spectroscopy, Thermogravimetric analysis
(TGA), and Fourier Transform Infrared spectroscopy (FT-IR) were performed for nonfunctionalized PDLLA-PEG-COOH, PDLLA-PEG-OCH3 NPs and functionalized
PDLLA-PEG-PEI particles. Here, we selected PDLLA-PEG-OCH3 NPs as a non-reactive
control to test the specific reactivity of the PDLLA-PEG-PEI NPs. Specifically, NPs
displaying terminal methoxy functional groups were not expected to exhibit reactivity
with the targeted aldehyde and carboxylic acid contaminants. NMR chemical shifts are
shown in Table 3.2.
While PDLLA-PEG-OCH3 and PDLLA-PEG-COOH NPs did not have a
resonance appearing at approximately 2.6 ppm; this resonance was observed for PDLLAPEG-PEI NPs, indicating the presence of PEI in the functionalized NPs. An overlay of
the 1H-NMR spectra of PDLLA-PEG-COOH and PDLLA-PEG-PEI NPs as well as of
PEI is presented in Figure 3.3.

Table 3.2 1H-NMR shifts of PDLLA-PEG-COOH, PDLLA-PEG-PEI and PDLLAPEG-OCH3 NPs.
-CH(CH3)- –C(=O)–CH(CH3)–

–CH2CH2–O–

PEI

DMSO

PDLLA-PEG-COOH

1.462

5.181

3.507

-

2.504

PDLLA-PEG-PEI

1.434

5.173

3.507

2.729 and 2.618

2.505

PDLLA-PEG-OCH3

1.468

5.183

3.508

-

2.502
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Figure 3.4 Overlayed 1H-NMR spectrum of PDLLA-PEG-COOH, PDLLA-PEGPEI NPs and PEI. DMSO was used as solvent and its hydrogen peak appears at 2.5
ppm, as observed in the spectrum referent to PDLLA-PEG-COOH NPs. PEI was the
molecule used to functionalize PDLLA-PEG-COOH NPs and its hydrogen peak also
appears at 2.5 ppm, but it is broader than the residual solvent peak. Successful
functionalization of NPs is observed with the broadening of the DMSO solvent peak,
caused by the presence of PEI, when in comparison with the non-functionalized material.
When comparing the spectra observed for PDLLA-PEG-COOH and PDLLAPEG-PEI NPs, a new resonance was observed at approximately 2.6 - 2.7 ppm for PEI
NPs compared to non-functionalized NPs. This resonance was attributed to the chemical
shift of the methylene hydrogens of the PEI backbone, suggesting that the PDLLA-PEGCOOH NPs were successfully functionalized with PEI via the EDC coupling. It was also
possible to verify the presence of PEI by the observation of a strong absorbance
appearing at approximately 3000 cm-1 in the FT-IR spectrum (Figure 3.4).
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Rela%ve Absorbance (au)

Amide Bond (N-C=O)
evidencing successful
reaction of COOH groups
in the NPs with NH2 groups
in the PEI

3870
3730
3580
3440
3290
3150
3000
2860
2710
2570
2420
2280
2130
1990
1850
1700
1560
1410
1270
1120
978
833
688
544
399

COOH
Groups

Wavenumber (cm-1)
PDDLA-PEG-COOH NPs

PDDLA-PEG-OCH3 NPs

PDDLA-PEG-PEI NPs

Figure 3.5 FTIR spectrum of synthesized nanoparticles – PDLLA-PEG-COOH,
PDLLA-PEG-OCH3, and PDLA-PEG-PEI NPs. Conjugation reaction of nonfunctionalized PDLLA-PEG-COOH nanoparticles with PEI is indicated by the
appearance of N-H stretching bands at ca. 3000 cm-1.
This peak is attributed to N-H stretching frequencies due to the the presence of 1˚
and 2˚ amines in the functionalized NPs. Furthermore, TGA analysis of PDLLA-PEGCOOH, PDLLA-PEG-OCH3, PDLLA-PEG-PEI NPs and PEI polymer demonstrates that
PDLLA-PEG-COOH NPs were successfully functionalized with PEI, as shown in Figure
3.5. It is observed that PDLLA-PEG-PEI NPs exhibit a different thermal degradation
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profile as compared to the two non-functionalized NP controls. A thermal degradation is
evident at approximately 200 °C for the PDLLA-PEG-PEI NPs whereas for the two nonfunctionalized materials the thermal degradation is not observed until 300 °C. This
different profile arises from the presence of PEI on the functional NPs, which causes a
decrease in the initial degradation temperature of the functionalized material, resulting in
a combination of the profiles observed for both PDLLA-PEG-COOH NPs and PEI. The
PEI molecules present in the PDLLA-PEG-PEI NPs will cause the material to exhibit
thermal degradation at a lower temperature, since PEI molecules itself initially thermally
degrades at 100 °C.

PLA degradation
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PEI and PEG
degradation

60

PEG degradation
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Figure 3.6 TGA analysis of thermal decomposition of non-functionalized PDLLAPEG-COOH, non-functionalized PDLLA-PEG-OCH3 nanoparticles, functionalized
PDLLA-PEG-PEI NPs and PEI. The temperature at which the first thermal
decomposition degradation of PEI functionalized NPs is observed is lower when
compared to both non-functionalized NPs, due to the presence of PEI in the
functionalized material.
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The particle size of the PDLLA-PEG-COOH and PDLLA-PEG-PEI NPs were
assessed using a transmission electron microscope (TEM) operating at 100.0kV beam
(Figure 3.6). The PDLLA-PEG-COOH NPs have spherical shape and are under 100 nm
in diameter, confirming that the synthesized materials were indeed within the nanoscale
range (Figure 3.7A). After functionalization, the PDLLA-PEG-PEI NPs present similar
morphology and size as shown in Figure 3.7B, exhibiting an average diameter of
approximately 60 nm.

A)

B)

Figure 3.7 TEM images obtained of synthesized materials. A) PDLLA-PEG-COOH
NPs and B) PDLLA-PEG-PEI NPs
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Figure 3.8 Elemental analysis results obtained for PDLLA-PEG-COOH and
PDLLA-PEG-PEI NPs. A) Electron image of site analyzed for PDLLA-PEG-COOH
nanoparticles. Elements present on site described as spectrum 1 on image are shown in
the table. No nitrogen is observed for these particles. B) Electron image of site analyzed
for PDLLA-PEG-PEI nanoparticles. Elements present on site described as spectrum 8 on
image. Nitrogen is shown to be present indicating that the PDLLA-PEG-COOH particles
were successfully functionalized with PEI.
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Elemental analysis was also obtained for PDLLA-PEG-COOH and PDLLA-PEGPEI nanoparticles, confirming the presence of nitrogen on the surface of the
functionalized nanoparticles, as shown in Figure 3.8

Degradation Profile
A degradation study was done using a sample of the PDLLA-PEG-PEI NPs. The
functionalized NPs were obtained as described in the method section and the resulting
freeze-dried solid was kept under two different temperatures environments, 25 °C and 35
°C, during a period of 28 days in the absence of water. Samples were collected for 6 time
points: day 0, 1, 3, 6, 14 and 28.The thermogravimetric analysis results of the time points
collected for this study indicated no appreciable degradation over the period of 28 days,
indicating that the resulting powder material is stable under the two temperatures
analyzed (Figure 3.9). We elected to initially evaluate the biodegradation profile of the
PDLLA-PEG-PEI NPs in solid form, since materials were evaluated as freeze-dried
powders in the vapor capture assays described below.

Further, practically relevant

applications including packed-bed filter cartridges would certainly employ freeze-dried
solids in lieu of NP solutions. Nevertheless, previous degradation studies by others have
demonstrated that PLA-PEG based NPs are indeed biodegradable in aqueous solution
[34].
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Figure 3.9 Thermogravimetric degradation of PDLLA-PEG-PEI NPs for different
time points over the period of 28 days. NPs were collected from batches at different
temperatures: room temperature (RT) and hot room – 35 oC(HR).
Vapor Assays
After thorough characterization of the synthesized PDLLA-PEG-PEI NPs, we set
out to evaluate their ability to capture gaseous vapors comprised of aldehyde and
carboxylic acid functional groups.
In our standard assay, a 10 mg sample of freshly prepared PDLLA-PEG-PEI NPs
was suspended on a tissue paper barrier above a 1 µL aliquot of target analyte in a GC
vial (Figure 3.10A) and the NPs were allowed to interact with the vapor portion of the
analyte sample for 30 minutes. Headspace analysis was conducted by gas
chromatography (FID detection). The GC headspace concentration of the analyte was
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compared between samples treated with PDLLA-PEG-PEI NPs for 30 minutes and
untreated control headspace samples. Data was collected in sextuplicate and evaluated
for statistical significance using a one-tailed Student’s T test.
A. Nanoparticle Analysis:

Untreated Controls:
GC needle

GC needle

No Nanoparticles

nanoparticles

tissue paper

tissue paper

vapors

vapors

analyte

analyte
B. Competative Analysis:

Target Pollutant:
O

hexanal
Competitive Analyte:
1-nonene

Figure 3.10 A) Cartoon diagram for the single vapor assay’s chamber system both for the
treated and untreated samples. B) Cartoon diagram for the competition vapor assay’s
chamber system showing competitive capture of the hexanal analyte over 1-nonene.
Single Vapor assays
We first investigated the capture of aldehydes and carboxylic acids. The PDLLAPEG-PEI NPs effected a 98% reduction (P < 0.0005) of the headspace vapors of hexanal
samples as compared to untreated hexanal controls (Figure 3.11). PDLLA-PEG-COOH
(i.e. carboxylic acid capped) and PDLLA-PEG-OCH3 (i.e. methoxy capped) NPs were
evaluated as controls.

We expected that these materials, presenting non-compatible
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surface functional groups, would fail to significantly reduce the headspace vapor of the
target analytes. In the event, these control NPs exhibited only slight reduction (6% (P <
0.05) and 9% respectively) in hexanal headspace vapors, possibly due to weak
electrostatic adsorption phenomena.
140000

GC Area (au)

120000
100000
80000
60000
40000
20000
0
Hexanal

PDLLA-PEG-PEI NPs

PDLLA-PEG-COOH NPs PDLLA-PEG-OCH3 NPs

Figure 3.11 Single vapor assays: Average GC peak area reduction for hexanal after
treatment with PDLLA-PEG-PEI NPs, PDLLA-PEG-COOH NPs, and PDLLAPEG-OCH3 NPs.

Next smaller molecular weight aldehyde (butyraldehyde), branched molecules (2methylbutyraldehyde), and higher molecular weight aldehyde contaminant (octanal) were
investigated to assess whether more volatile compounds, steric factors within the
substrate, and less volatile compounds would affect the capture by the PDLLA-PEG-PEI
NPs. The results can be found in Figure 3.12. Exposure to the PDLLA-PEG-PEI NPs
afforded a 86% reduction (P < 0.0005) in butyraldehyde vapor, a 81% reduction (P <
0.0005) of the 2-methylbutyraldehyde and a 84% of the octanal (P < 0.0005).
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Figure 3.12 Single vapor assays with aldehydes and PEI NPs.

Similarly to the experiments conducted with the aldehyde compounds, a parallel
study with comparable carboxylic acids was conducted. Hexanoic acid, butyric acid and
3-methylbutanoic acid were tested. The results revealed that the PDLLA-PEG-PEI NPs
were capable of reducing hexanoic acid by 90% (P < 0.001), butyric acid by 88% (P <
0.001), and 3-methylbutanoic acid by 76% (P < 0.005).
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Figure 3.14 Single vapor assays with alkene and PEI NPs.
The final single vapor assay sought a proof of concept for the chemoselectivity of
our PDLLA-PEG-PEI NPs. We challenged our PDLLA-PEG-PEI NPs with 1-nonene
(Figure 3.14), a linear 9-carbon molecule bearing an alkene functional group. We
surmised that our amine-functionalized PDLLA-PEG-PEI NPs would fail to capture 1nonene to an appreciable extent, owing to the lack of compatible reactivity between the
amine functionality on the NPs and the alkene functional group on the target analyte.
Figure 3.14 shows an overall retention of the nonene vapor after exposure to the PDLLAPEG-PEI NPs with only a non-statistically significant reduction of 14%, presumably due
to non-reactive adsorption mediated by electrostatic interactions of the target analyte with
the surface of the PDLLA-PEG-PEI NPs. This result is important for two reasons. First,
it lends credence to our proposed mechanisms for the capture of the targeted aldehyde
and carboxylic acid analytes. Secondly, it demonstrates that our PDLLA-PEG-PEI NPs
are avoiding off-target binding.
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Competition Assays
To further illustrate the chemoselectivity of our PDLLA-PEG-PEI NPs, a
competition assay was conducted in which both hexanal and 1-nonene were introduced to
the reaction chamber (Figure 3.11A), given 30 minutes to vaporize and react with the
PDLLA-PEG-PEI NPs. In this experiment, we expected to see preferential binding of the
aldehyde, hexanal, via our predicted reactivity. Further, we expected that 1-nonene,
containing an incompatible alkene functional group, would fail to react with the PDLLAPEG-PEI NPs and thus would not be sequestered. Analysis revealed a 75% reduction (P
< 0.0005) of the hexanal vapor concentration along with a ~1.4X increase (P < 0.05) in
the gas-phase portion of 1-nonene present after treatment (Figure 3.15A).

These

phenomena arise from the selective reduction of the hexanal vapor in the sample chamber
by selective adsorption onto the PDLLA-PEG-PEI NPs. Re-equilibration of the closed
system results in a larger vapor concentration of 1-nonene after hexanal capture,
accounting for the enhanced 1-nonene signal after NP treatment. Next, we probed the
reactivity of hexanoic acid in a competitive system with 1-nonene. The PDLLA-PEG-PEI
NPs afforded a 71% reduction (P < 0.0005) of the hexanoic acid with a statistically
insignificant 10% reduction of the 1-nonene (Figure 3.15B). This result is particularly
compelling given that 1-nonene is approximately 33 times more volatile than hexanoic
acid.
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Figure 3.15 Competition Assays using aldehyde versus alekene, and carboxylic acid
versus alkene. A) Average GC peak area reduction for hexanal and 1-nonene after
treatment with PDLLA-PEG-PEI NPs. B) Average GC peak area reduction for hexanoic
acid and 1-nonene after treatment with PDLLA-PEG-PEI NPs.
Next, hexanal and hexanoic acid were treated simultaneously to demonstrate the
concurrent capture of aldehyde and carboxylic acid analytes. Treatment with PDLLAPEG-PEI NPs effected a simultaneous 90% (P < 0.0005) and 69% (P < 0.0005) reduction
of headspace vapors for hexanal and hexanoic acid, respectively (Figure 3.16A). The
comparatively inferior capture of the hexanoic acid is likely due to the lower vapor
pressure of hexanoic acid (0.18 mmHg at 20 ˚C) as compared to hexanal (10 mmHg at 20
˚C).

Additionally, hexanal and octanal vapors were exposed concurrently and the

observed reductions (hexanal, 87% (P < 0.0005); octanal, 52% (P < 0.0005) for the two
vapors followed similar trends to previous competition results: the less volatile octanal
87

had a lower percent reduction compared to the more volatile hexanal shown (Figure
3.16B).
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Figure 3.16 Competition assays using aldehyde versus aldehyde and aldehyde versus
carboxylic acid in the presence of PDLLA-PEG-PEI NPs. A) Average GC peak area
reduction for hexanal and octanal after treatment with PDLLA-PEG-PEI NPs. B)
Average GC peak area reduction for hexanal and hexanoic acid after treatment with
PDLLA-PEG-PEI NPs
Aldehyde Capture Mediated by Imine Bond: Mechanistic Considerations
Finally, 1H-NMR spectroscopy studies were conducted in order to probe the
mechanism of aldehyde capture. Specifically, we wished to confirm the formation of the
putative imine bond in order to further rule out any non-specific adsorption of the target
analyte by electrostatic interactions. In this experiment, we treated PDLLA-PEG-PEI
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NPs with a spectroscopically simple analyte, pivaldehyde. A partial 1H NMR spectrum
resulting from the interaction between the PDLLA-PEG-PEI NPs and pivaldehyde is
shown in Figure 3.17. The diagnostic appearance of a new singlet at 7.5 ppm suggests
the presence of an imine proton within the aldehyde-treated PDLLA-PEG-PEI NP sample
[37]. Any contribution of the possible hemi-aminal tetrahedral intermediate was ruled out
by D2O treatment of the NMR sample, which failed to induce loss of the new singlet at
7.5 ppm by means of proton-deuteron exchange.
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Figure 3.17 Imine bond formation from the reaction between aldehyde and PDLLAPEG-PEI NPs A) Scheme of pivaldehyde (red) reacting with the PDLLA-PEG-PEI NPs
(blue) resulting in an imine bond with a proton shift of approximately 7.5 ppm. B)
Experimental spectroscopic evidence using 1H-NMR (Bruker 300 MHz) for imine bond
formation indicating capture of aldehyde functionality with the PDLLA-PEG-PEI NPs.
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3.4 Conclusions
We have presented the preparation, characterization, and evaluation of PDLLAPEG-PEI NPs capable of selectively capturing environmental contaminants of broad
concern bearing aldehyde and carboxylic acid functional groups in the gas phase. Our
material showed reduction of aldehyde and carboxylic acid vapors greater than 80% and
76%, respectively, with reductions of up to 98% in some cases. Further, we demonstrated
that our NPs were capable of effect the simultaneous capture of mixtures of aldehydes
and carboxylic acids as well as mixtures of two different aldehydes. Additionally, our
NPs were capable of selectively capturing target aldehyde and carboxylic acid
contaminants even when challenged by comparably or more volatile non-targeted vapors.
The significant advantage of our strategy over current methods arises from the ability to
tailor the surface
functionality of the nanomaterials
for a specific target
analyte from
O
O O
O
OHcaptured using
vapor mixtures.O Table 3.3 providesO a summary
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CHAPTER FOUR
TUNABLE PROPERTIES OF FUNCTIONAL NANOPARTICLES FOR EFFICIENT
CAPTURE OF GASEOUS ALDEHYDES AND CARBOXYLIC ACIDS
4.1 Introduction
There are many health concerns regarding the exposure of the population to a
variety of contaminants present in the water, soil, and air. A number of natural and/or
anthropogenic sources contribute to the release of hazardous chemicals to the
environment, which may in turn cause adverse effects to the human health as well as to
the environment itself[1]. Particular attention is paid to air pollution due to its significant
contribution to a variety of adverse health effects. According to the World Health
Organization, in the year of 2012, air pollution accounted for 1 in 8 deaths worldwide,
corresponding to approximately 7 million deaths in that year[2–4].
In the USA, the Environmental Protection Agency (EPA) establishes and
monitors six common air pollutants according to The Clean Air Act, which is the
comprehensive federal law that regulates air emissions from stationary and mobile
sources[5]. Common air pollutants include particulate matter, photochemical oxidants
(including ozone), carbon monoxide, sulfur oxides, nitrogen oxides, and lead.
Additionally, volatile organic compounds (VOCs) are a large class of air contaminants
that are of special interest due to the inherent toxicity of some of these compounds and
their ability to chemically react with different nitrogen oxides (NOx) in the presence of
sunlight and produce ground level ozone[6,7]. Major sources of NOx and VOCs include
industrial facilities, motor vehicle exhaust, electric utilities, gasoline vapors, and
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chemical solvents[6]. Furthermore, many industrial processes are affected by nuisance
odors caused by the release of VOCs to the air.
A number of technologies have been explored for the remediation of gaseous
environmental contaminants[8–12]. A variety of them involve the use of sorbent
materials,

filtration

devices,

chemical

reactions,

and

photocatalysts.[13–20].

Conventional technologies may have limited application due to low efficiency when
compared to related nanoscale materials[21]. Therefore, nanomaterials have been widely
investigated due to their high surface area to volume ratio, which can significantly
contribute to higher reactivity due to the increase in available sorption or reactive sites.
Nanotechnology is currently used by industries for the remediation of a variety of organic
and inorganic contaminants[14]. Nonetheless, new technologies are constantly being
developed in an effort to overcome challenges such as high costs of fabrication, on-site
recovery, limited scale-up, potential toxicity, low specificity due to off-target fouling, and
the limited applicability to few classes of contaminants.[14,16]
Our group previously described a facile synthesis and validation of PEI
functionalized PDLLA-PEG nanoparticles capable of the target-specific capture of
aldehyde and carboxylic acid VOCs[22]. The modular nature of our materials allows for
a relatively flexible, modular synthetic protocol. Thus, we present herein an investigation
of two main parameters of the synthesis and their resulting effects on the efficiency of
VOC capture (Figure 4.1). Specifically, we suspected that a number of physical and
chemical variables might contribute to the performance of our 1st generation PDLLAPEG-PEI materials for the specific capture of gaseous contaminants. The two variables
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that were probed in this manuscript include the loading of the PEI poly(amine) cap on the
surface of the nanoparticles, and the necessity of the PEG spacer in our first generation
PDLLA-PEG-PEI material. Finally, we also demonstrate that our materials are capable of
capturing gaseous disulfides and trisulfides.

PLA-PEG

No PEG
in formulation

Different PEI
Content

PLA-PEG

PEI

PEI

PLA-PEG

PLA

Gas Capture
Particles
Analyte
Vapor
Analyte

Figure 4.1 Second-generation amine-modified materials for the gaseous capture of
volatile organic compounds.
4.2 Materials and Methods
An overview of the methodology, objectives and parameters used to explore the
material’s tunable features is presented in Table 4.1
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Table 4.1 Overview of the methodology and parameters employed to achieve the
described objectives
Methodology

Crosslinking conjugation
of amine groups

Objectives
Manipulate the different
tunable features of the
nanoparticles to explore
enhancement of the
material’s overall
performance

Parameters
•

•

Different amounts of
excess of PEI during
functionalization step
Synthesis of NPs using
polymer without the
PEG linker

Materials
D,L lactide (PURASORB DL) was supplied by Purac Biomaterials. Anhydrous toluene,
sodium sulfate, Tin(II) 2-ethylhexanoate, chloroform, methanol poly(ethylenimine)
solution (PEI, average MW ~1300 Da by LS, 50 wt. % in H2O) and N-(3Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride were supplied by SigmaAldrich. Hydroxyl polyethylene glycol carboxyl (HO-PEG-COOH, MW 3500 Da) were
supplied by JenKem Technology. Acetonitrile (ACN) was supplied by Fisher Scientific.

Characterizations
NMR was performed with a Bruker Avance 300 MHz NMR. Chemical shifts are reported
in parts per million (ppm) and spectra are referenced to residual solvent peaks. TGA was
performed on a TA Instruments Hi-Res TGA 2950 thermogravimetric analyzer under
nitrogen from 25 °C to 600 °C at 20 °C min−1. FT-IR was performed with a Nicolet
Magna 550 with NicPlan FT-IR Microscope and Mapping Stage. SEM-EDS was
performed with a Hitachi SU-6600.
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Statistical Analysis
All statistical analysis was performed using a two-tailed t-test with at least three repeats
each, and 95% significance. Error bars on graphs represent the standard deviation from
the mean.

PDLLA-PEG-COOH Polymer Synthesis
PDLLA-PEG-COOH polymer synthesis was carried out in the manner that we have
described previously.[22]

Nanoparticles synthesis
Excess of PEI: Nanoprecipitation method was used for PDLLA-PEG-COOH
nanoparticles synthesis, using water as the non-organic solvent and an initial copolymer
concentration of 5mg/mL in ACN. PDLLA-PEG-PEI NPs synthesized using different
amounts of excess of PEI were carried out through a carbodiimide conjugation reaction
as described previously.[22] Briefly, the conjugation reaction was carried out using 2x,
and

15x

excess

of

poly(ethylenimine)

solution

and

10x

Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC).

excess
1

of

N-(3-

H-NMR, FT-IR,

TGA, and EDX analyses were performed for synthesized materials.

PDLA-PEI Nanoparticles:
PDLA-PEI NPs were synthesized in a two-step process. The first step was carried out by
dissolving 200 mg of PDLA in 8mL of DMSO, followed by the addition of 800 mg of
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PEI. The organic solution containing PDLA and PEI was magnetically stirred until the
PEI was fully dissolved. The second step was carried out by adding the resulting PDLAPEI solution to 32mL of PVA (1% wt). An emulsion was formed by sonication and
magnetically stirred overnight. Particles were collected by centrifugation and washed
with water, followed by freeze-drying. 1H-NMR, TGA, FTIR and SEM/EDS were
performed with synthesized material.

Gas Chromatography
GC analyses were carried out as described previously.[22]
Materials: VOCs used as GC standards were purchased from commercial sources and
used without purification. Gas Chromatography (GC) analyses were conducted using a
Shimadzu GC-2014 Gas Chromatograph equipped with a Shimadzu AOC-20i Auto
Injector and a Flame Ionization Detector (FID). The GC was equipped with a 30 m x 0.25
mm x 0.25 um Zebron ZB-WAX Plus capillary GC column. Agilent Technologies Gas
Chromatography vials with septum screw-caps, 1.5 mL in total volume, were used in the
assays.

4.3 Results and Discussions
First, we varied the amount of PEI on the surface of the PDLLA-PEG-PEI NPs in
order to investigate the effect that the amount of amine functional group has on the gas
capture efficiency of the nanomaterials. The use of amino-functionalized materials for the
remediation of volatile compounds has been extensively reported in the literature. The
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chemical reaction between the aldehyde carbonyl and the surface amines to form imines
allows for the covalent capture of these VOCs onto the surface of amine-functionalized
materials. The Jones group has demonstrated that the amine loading in their modified
porous silica material is a critical factor for aldehyde abatement[23]. Similarly, Sae-ung
and Boonamnuayvitaya have also reported that the amount of amine groups present in the
functionalized material is crucial for their uptake capacity[24]. Similarly, the capture
efficiency of carboxylic acid VOCs by means of ammomium carboxylate formation
ought to also improve with higher surface amine loading on the nanomaterials.
Therefore, we sought to investigate the effects of increased amine loading by increasing
the amounts of excess PEI that was used during the functionalization of PDLLA-PEGCOOH nanoparticles. Thus, we prepared PDLLA-PEG-PEI nanoparticles utilizing 2x and
15x molar excess of PEI relative to our first generation synthesis. Thermogravimetric
analysis (TGA), proton Nuclear Magnetic Resonance (1H NMR) and Energy Dispersive
X-Ray (EDX) results were obtained in an effort to quantify the difference in the PEI
content of nanoparticles synthesized using 2x, and 15x molar excess of PEI compared to
PDLLA-PEG NPs during the critical carbodiimide coupling step. The results are shown
in Figure 4.2.
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Figure 4.2 TGA, 1H NMR, and EDS results obtained for PDLLA-PEG-PEI NPs
functionalized with 2x and 15x excess of PEI A) TGA analysis of PDLLA-PEG-PEI
NPs functionalized with varying amounts of PEI, B) 1H NMR spectrum of PDLLA-PEGPEI NPs functionalized with 2x and 15x excess of PEI, with the peaks associated with
PEI highlighted in red, and C) EDS results obtained for PDLLA-PEG-PEI NPs
functionalized with 2x and 15x excess of PEI, indicating a higher loading of PEI in the
later formulation.
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TGA results show different thermal degradation profiles for the nanoparticles
synthesized with different amounts of PEI. Non-functionalized control particles (i.e.
PDLLA-PEG-COOH NPs) thermally degraded with a 2-stage decomposition profile, in
which the first stage is related to the PLA degradation at approximately 230°C, followed
by a second degradation resulting from PEG decomposition at approximately 330°C
(Figure 4.2A, orange line (i.e. “No PEI”). Our 1st generation nanoparticles functionalized
with PEI[22] exhibit a more complex degradation profile. Here, we observed that higher
PEI loading during the functionalization step corresponded to materials exhibiting, initial
degradation in the TGA experiment at lower temperatures. Higher PEI content affects
the temperature at which the second stage decomposition starts to occur even more than it
affects the first stage. The lower excess of PEI (2x) caused the degradation temperature
of the second stage to shift from approximately 330°C to approximately 300°C. Using a
greater amount of excess of PEI (15x) during the synthesis returned a material with an
even greater decrease in the second stage decomposition temperature, shifting it to
approximately 265°C. Furthermore, the slope of the second stage degradation is greatly
affected by the amount of PEI present in the material. Nonfunctionalized nanoparticles
present a fast second stage degradation (steeper line), whereas the nanoparticles
functionalized with 2x excess of PEI (Figure 4.2A, blue line) present a slower second
stage degradation with a less steep line, and the nanoparticles functionalized with 15x
excess of PEI (Figure 4.2A, red line) present the slowest second stage degradation with
the least steep line. These results are explained based on the fact that the second stage
degradation is the combination of the degradation of two different materials, PEG and
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PEI, as opposed to only one (i.e. PEG in the PDLLA-PEG nonfunctionalized materials).
Therefore the profile of the PEI functionalized material is also a combination of the
degradation profiles of the PEG and PEI. As is evident in Figure 4.2A, (green line), PEI
has a similar degradation temperature to PEG. (Note: The first stage of the degradation as
the sample approaches 100 ˚C is due to the water content of the PEI solution.)
Next, 1H NMR spectra were obtained for the two different formulations to verify
the PEI presence in the synthesized materials. In our previous work[22] we noted that the
peaks associated with protons present in the PLA appear at 1.7 ppm and 5.2ppm.
Further, the peak associated with the PEG protons appear at 3.5ppm. The protons
associated with PEI appear at 2.5 ppm, coincident with the DMSO-d6 solvent peak. The
results from the 1H NMR analysis presented in Figure 2B demonstrate that the 2 different
nanoparticles formulations contain PEI, and offer a qualitative indication that the material
resulting from the 15x PEI treatment contains more PEI as compared to the 2x
formulation. Nonetheless, the coincident overlap of the PEI proton signals with the
residual solvent peak stymied a more quantitative assessment of PEI loading by means of
NMR spectroscopy. Thus, we next turned to a more quantitative analysis utilizing, EDS
experiments.
The quantitative results obtained from EDS experiments, presented graphically in
Figure 4.2C, are also shown in Table 4.2. The results were obtained for nanoparticles
placed on a carbon tape, which was used as the control sample for the EDX analysis. For
the carbon tape results, no nitrogen is detected, as expected. The only source of nitrogen
in the particles is the PEI, therefore the EDX analysis can provide information not only
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on the nitrogen presence or absence, but it can also provide information on the percentage
of the element (attributable to the presence of PEI) detected in the samples. Analysis of
the 2 formulations reveals that the nitrogen increases as the as the amount of PEI
increases. Using 2x excess of PEI during functionalization step yield nanoparticles with a
1.1 ± 0.3% nitrogen content. Nanoparticles fabricated with 15x excess of PEI revealed
the maximum nitrogen content of 17.9 ± 0.4%.

Table 4.2 Chemical compositions of PDLLA-PEG-PEI NPs functionalized with varying
amounts of PEI
PEI NPs 2x
Elements

PEI NPs 15x
(wt %)

C

69.8 ± 0.3

58.2 ± 0.3

O

29 ± 0.2

23.9 ± 0.2

N

1.1 ± 0.3

17.9 ± 0.4

Next, we evaluated the performance of the materials toward gas capture of an
illustrative aldehyde VOC, hexanal (Figure 4.3).

As expected, a higher reduction

percentage can be obtained as the excess of PEI is increased. Therefore, nanoparticles
functionalized using a 15x excess of PEI during the synthesis demonstrated the highest
reduction percentage of 95.08 ± 0.33%, while nanoparticles functionalized with 2x excess
of PEI effected a lower reduction of 75.14 ± 0.35%. The GC analysis demonstrates that
the nitrogen content of the functional NPs can affect the efficiency of the gas capture,
with nanoparticles with higher nitrogen content providing the best VOC capture
performance. During our study, we also investigated the synthesis of our materials
105

utilizing PEI loadings higher than 15x, but due to the viscosity of the PEI material,
powdery materials were no longer isolated, and therefore, the materials were not tested.
Thus, it appears that further increasing the PEI loading during the synthesis of our
materials adversely affects the physical properties of the PDLLA-PEG-PEI materials.
The GC headspace data previously obtained for COOH NPs is also displayed in Figure
4.3, to reiterate the incapability of the COOH NPs to perform the reduction of hexanal.

Hexanal Reduc,on (%)

120

*

90

60

30

0
COOH NPs

PEI NPs 2x

PEI NPs 15x

*P < 0.001
Figure 4.3. Results of GC Headspace analysis obtained for the reduction of hexanal
using PDLLA-PEG-PEI NPs synthesized with varied amounts of PEI, and
comparisson to the non-significant reduction of hexanal when COOH NPs are employed.
Next, we sought to evaluate the influence of the PEG linker region o on the
performance of our materials for gas capture. Thus. PDLLA-PEI nanoparticles lacking
the intervening monodisperse PEG linker region were synthesized and evaluated for
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VOC gas capture. This line of inquiry was pursued in an effort to simplify our
nanoparticle formulation while reducing the associated fabrication costs.
PDLA-PEI nanoparticles were synthesized (see experimental section for details)
and 1H NMR, TGA, and SEM experiments were used to characterize the material. The
SEM result presented in Figure 4.4A show that particles of approximately 100 nm were
successfully synthesized. The 1H NMR spectrum of PDLA-PEI is shown in Figure 4.4B
confirming the presence of PEI. The successful functionalization of the PDLA material
with PEI can also be verified by the TGA results shown in Figure 4.4C. PDLA is
thermally degraded revealing a one-stage degradation profile, with initial mass decrease
at approximately 220°C and final mass loss at approximately 370°C. When PDLA in
functionalized with PEI, the thermal degradation profile changes due to the presence of
the PEI in the material, and the initial mass loss shifts to approximately 180°C and final
mass loss to approximately 395°C. FT-IR and EDS results are shown in Figure 4.5.
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Figure 4.4 SEM, 1H NMR, and TGA degradation profile of PDLA-PEI NPs. A) SEM
image of PDLA-PEI NPs, and B) 1H NMR spectrum of PDLA-PEI NPs indicating the
presence of PEI (see red box), and C) TGA degradation profile of PDLA-PEI NPs.

108

N-C=O bond formation
from amine conjugation

0.35

0.25
0.20
0.15
0.10

Absorbance (au)

0.30

0.05
0.00
4,000

3,500

3,000 2,500 2,000 1,500
Wavenumber (cm-1)

1,000

500

80

Weight (%)

70
60
50
40
30
20
10
0
C

O

N

Figure 4.5 FTIR and elemental analysis of PDLA-PEI NPs

Next, the ability of PDLA-PEI nanoparticles (i.e. lacking the PEG linker) to
capture hexanal was evaluated by GC. The results presented in Figure 4.6 show a
comparison between our first generation PEI functionalized NPs[22] synthesized with the
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presence of the PEG linker and without the presence of the PEG. The results demonstrate
a lower, but still reasonably effective capture of hexanal (i.e. 66.60 ± 6.29% reduction) as
compared to our first generation PDLLA-PEG-PEI nanoparticles. It is possible that the
lower capture efficiency is related to the absence of the PEG linker. The presence of PEG
in the formulation could be positively contributing to a higher reduction percentage of the
gas by decreasing steric effects between PEI molecules, allowing for a higher loading in
each individual particle, which might, in turn, contribute to higher hexanal capture
efficiency.
120
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100
80
60
40
20
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Figure 4.6 Results of GC Headspace analysis obtained for the reduction of hexanal
using first generation PDLLA-PEG-PEI NPs and PDLA-PEI NPs.
Moreover, PDLLA-PEG-PEI NPs were investigated for the capture of sulfurous
VOCs including dimethyl disulfide (DMDS) and dimethyl trisulfide (DMTS). We have
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shown in our previous study[22] that PEI functionalized nanoparticles were capable of
capturing aldehyde and carboxylic acid VOCs through the formation of covalent (i.e.
imine formation) and ionic (i.e. ammonium carboxylate) bonds, respectively.

We

hypothesized that the gaseous capture of the sulfur-containing VOC contaminants might
occur due to electrostatic interactions between the sulfur atoms present in the
contaminants molecules and the PDLA-PEG-PEI nanoparticles. Thus, GC headspace
analyses with dimethyldisulfide (DMDS) and dimethyltrisulfide (DMTS) were conducted
in the presence PDLLA-PEG-PEI nanoparticles[22]. Efficient capture of DMDS and
DMTS was achieved (Figure 4.7). Unlike the capture of aldehyde and carboxylic acid
VOCs, we do not believe that the capture of sulfurous VOCs by PDLLA-PEG-PEI NPs is
mediated by a chemical reaction. Indeed, control 1H NMR experiments whereby a
structurally relevant small-molecule amine (i.e. butylamine) was mixed with either
DMDS and DMTS clearly revealed no detectable chemical reaction between the two
constituents. Thus, we attribute the adsorption of the sulfurous VOCs to adventitious
electrostatic interaction between the PDLLA-PEG-PEI nanoparticles and the sulfide
functional groups. Nevertheless, these results highlight the fact that our nanomaterials
are capable of addressing VOC contaminants of various functional group classes, by
means of both chemical reactions and electrostatic adsorption. Our amine functionalized
materials, can be used for the target-specific capture of not only aldehydes and carboxylic
acids, but also the gaseous capture of sulfur containing compounds, such as DMDS and
DMTS.
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Figure 4.7 Results of GC Headspace analysis obtained for the reduction of DMDS
and DMTS using our first generation NPs.
4.4 Conclusions
It has been previously shown that our first generation materials can successfully
reduce headspace concentrations of gaseous aldehydes and carboxylic acids through a
target-specific capture using PDLLA-PEG-PEI nanoparticles[22]. In order to explore the
tunable features of our materials, we have successfully demonstrated that the gaseous
capture of aldehydes is directly related to the amount of PEI functionalized onto the
particles. We obtained particles with higher percentages of functional groups and
therefore particles with better capture performance by increasing the amount of PEI
solution used in the nanoparticle synthesis. Furthermore, we successfully demonstrated
that PDLA nanoparticles could also be functionalized directly with PEI without the
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intervening PEG linker. Even though a smaller reduction percentage was obtained there
is a significant decrease in fabrication cost due to the elimination of the monodisperse
PDLLA-PEG copolymer synthesis. Cost of production is among the many challenges that
researchers

encounter

when

developing

nanotechnology-based

materials

for

environmental remediation applications. Therefore, PDLA-PEI nanoparticles could be
employed as an alternative material for a cost-effective scale up of our technology.
Furthermore, our group was also able to demonstrate that our PDLLA-PEG-PEI
nanoparticles can be successfully used for the remediation gas-phase VOC contaminants
containing sulfide functional groups (i.e. DMDS and DMTS) with reductions up to
approximately 76% and 88%, respectively.
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CHAPTER FIVE
AMINE-FUNCTIONALIZED CELLULOSE CRYSTALS FOR THE REMEDIATION
OF RELEVANTE GASEOUS COMPOUNDS
5.1 Introduction
Increased environmental concerns with air, soil and water pollution result in the
need to develop new technologies for environmental remediation [1–8]. A large number
of studies have focused on the development of new technologies for the remediation of
contaminated air.

Volatile organic compounds (VOCs) represent a large class of

compounds released to the atmosphere by many anthrogenic sources including chemical
plants, paper mills, agricultural operations, fuel refineries, and pharmaceutical plants [9–
16]. They are especially concerning not only because of their possible toxicity, but also
because often times these compounds are malodorous or irritants even when their
concentration levels are within governmental regulations.
Cellulose is a naturally occurring polymer of great interest in different research
areas due to its abundance, availability, and low price. It is a polysaccharide comprised of
b(1,4)-linked D-glucose units.

Thus this biopolymer can be easily modified by

manipulation of the carbinol functionalities to improve specific physical and/or chemical
features of the raw unmodified cellulose. It is of special attention for environmental
applications due to its natural occurrence, biodegradability, and renewability [17–19].
Cellulose can be obtained from several different sources, including wood, other plants,
tunicates, algae, and bacteria [20]. Depending on the source of the material, different
particle types can be obtained. Each type holds its distinct characteristic size, aspect ratio,

116

morphology, crystal structure, crystallinity, porosity, mechanical strength, and surface
chemistry[20]. Nano- and microscale cellulose particles are described in the literature and
can be used for different applications depending on their specific chemical and physical
properties. Different functionalization methods are available for modification of the
cellulose surface to obtain high performance materials [18,20–23].
Although a great number studies have been conducted using cellulose-based
materials for water treatment [17–19,24,25], to the best of our knowledge, comparatively
few studies investigating modified cellulose materials for air remediation have been
reported [26,27].

We have successfully demonstrated in a previous study that

poly(ethylenimine) functionalized biodegradable poly(lactic acid) nanoparticles can be
used for the target-specific capture of aldehyde and carboxylic acid VOCs [16]. The
functionalized nanoparticles were shown to greatly reduce the gaseous contaminants.
Nonetheless, the synthetic polymers utilized for the synthesis of our first generation
nanoparticles contribute to a comparatively high cost of fabrication. Therefore, we were
motivated to investigate the use of amine-functionalized cellulose nano- and
micromaterials as a potential lower-cost alternative. Herein, we report that we have
successfully modified natural polymeric cellulose microcystals (i.e. CMC) and cellulose
nanocrystals (i.e. CNC) for the specific capture of gaseous VOCs.
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5.2 Materials and Methods
An overview of the experiments conducted with cellulose, including the
methodology, objectives and parameters is shown in Table 5.1
Table 5.1 Overview of methodology, objectives and parameters employed to modify the
surface of cellulose materials with amine groups.
Methodology
Surface modification of
cellulose crystal
(Cellulose is an alternative
material to synthetic
polymeric NPs –it is
derived from natural and
renewable sources)

GC Headspace analysis

Objectives

Introduce amine groups
to the surface of
cellulose materials to
test their capability to
reduce VOCs.

Test the material’s
capability to capture
VOC to compare to
PDLLA-PEG-PEI
material’s performance

Parameters

•
•

•
•

Oxidation: TEMPOmediated
PEI
functionalization

Cellulose micro
crystals
Cellulose
nanocrystals

Materials
Cellulose microcrystals, 10-15% sodium hypochlorite solution, sodium hydroxide,
TEMPO, and sodium bromide were supplied by Sigma-Aldrich. 6M hydrochloric acid
was supplied by Ricca Chemical Company. Cellulose nanocrystals 12% slurry was
purchased from Cellulose Lab.
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Characterizations
TGA was performed on a TA Instruments Hi-Red TGA 2950 thermogravimetric analyzer
under nitrogen from 25°C to 600°C at 20°C min−1. FT-IR was performed with a Nicolet
Magna 550 with NicPlan FT-IR Microscope and Mapping Stage. EDS analysis were
performed on a S6600 Variable Pressure Scanning Electron Microscope. CHN analysis
were performed by Atlantic Microlab, Inc. Multipoint BET for surface area determination
was performed using Quantachrome® ASiQwin™- Automated Gas Sorption Data
Acquisition and Reduction 1994-2014, Quantachrome Instruments version 4.0.

Statistical Analysis
All statistical analysis was performed using a two-tailed t-test with at least three repeats
each, and 95% significance. Error bars on graphs represent the standard deviation from
the mean.

TEMPO-mediated Oxidation
The oxidation of the cellulose crystals were carried out, with slight modifications, using
the protocol described by Saito et al.[21] Briefly, 2.00g of cellulose microcrystals or 20 g
of a CNC slurry (12.2% wt in H2O) were suspended in a water solution containing 0.2025
g of TEMPO and 0.025 g of sodium bromide. A 4.77 g portion of a 12% NaClO solution
was added to the cellulose suspension to initiate the TEMPO-mediated oxidation. The
reaction was carried out at room temperature and stirred for 5 hours. The pH was
maintained at 10 by the addition of a 0.5M NaOH solution. After 5 hours, the solution
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was thoroughly washed with water by filtration (microcrystals) or dialysis (nanocrystals).
The materials were then re-suspended in water (1% cellulose/water). The pH of this
suspension was then adjusted to 2.5 in order to neutralize the sodium carboxylates that
resulted from the oxidation.

The suspension was left at rest for 2 hours, washed

thoroughly by filtration (microcrystals) or dialysis (nanocrystals), freeze-dried, and stored
prior to use at -20 °C.

PEI-functionalization
A 150 mg sample of the oxidized cellulose crystals was re-suspended in water (1%
cellulose/water), 164.8 mg of EDC and 2.3 mL of PEI solution (50% wt. % in H2O, Mw ~
1300) were added to the suspension, and the solution was stirred at room temperature for
6 hours. The cellulose microcrystals were thoroughly washed with water by filtration,
freeze-dried and stored at -20°C prior to use. Cellulose nanocrystals were thoroughly
washed to remove excess of PEI using a dialysis membrane. Distilled and deionized
water was used and frequently changed. The water changes were carried on as necessary
until no significant pH change in the water was observed.

Gas Chromatography
Materials
Hexanal used for GC standards and gas capture experiements was purchased from
commercial sources and used without purification. Gas Chromatography (GC) analyses
were conducted using a Shimadzu GC-2014 Gas Chromatograph equipped with a
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Shimadzu AOC-20i Auto Injector and a Flame Ionization Detector (FID). The GC was
equipped with a 30 m x 0.25 mm x 0.25 um Zebron ZB-WAX Plus capillary GC column.
Agilent Technologies Gas Chromatography vials with septum crimp-caps were used in
the assays.

Gas Chromatography Analysis
GC analyses were carried out using the method described in our previous study.[16]
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Figure 5.1 Summary of the experimental approach for amine-functionalization of
cellulose materials and their performance for capture of VOC.
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5.3 Results and Discussions
Amine-functionalized CMC and CNC were synthesized for the capture of relevant
gaseous compounds that were previously investigated using our first generation aminefunctionalized synthetic polymeric nanoparticles. Cellulose is a natural polymeric
material available worldwide and provides a more chemically and physically stable
material when compared to the synthetic PDLA-PEG previously described in the
literature [16]. Despite the fact that the base polymeric materials used to synthesize our
first generation materials are commercially available, their high cost may stymie efforts
toward economical scale-up.

In contrast, cellulose crystals, arising from renewable

sources, can be obtained at a much lower expense.
CMC and CNC samples were initially oxidized using (2,2,6,6-tetramethylpiperidin1-yl)oxyl, commonly known as TEMPO. TEMPO-mediated oxidations are commonly
used to promote the selective oxidation of primary alcohols to carboxylic acids in
aqueous systems [21]. Briefly, a suspension of the cellulose materials were oxidized at
room temperature by action of 10% by weight of TEMPO and 1 % by weight of sodium
bromide utilizing bleach as the terminal co-oxidant. After the TEMPO reaction, the
oxidized CNC and CMC samples were subjected to an ion-exchange treatment that
acidified a 0.1% by weight suspension of the materials in water to pH = 2.5 upon addition
of 0.1 M aq. HCl. This treatment converted the C6 sodium carboxylates in the oxidized
cellulose materials to their corresponding neutral carboxylic acids. The conjugation
reaction between the cellulose and the PEI was carried out at room temperature for 6h in
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the presence of EDC, a water-soluble carbodiimide crosslinker. Figure 5.2 illustrates the
steps of amine modification of cellulose structures.

CELLULOSE
OH
O
HO

OH

HO
O

TEMPO
Oxidation

O
O

OH

OH

O

n

ONa
O

HO

OH

HO
O

OH

Ion
Exchange

O
O
ONa

O

O

n

OH
O

OH

HO
O

HO
OH

O
O

O
OH

n

PEI Functionalization

POLY(ETHYLENEIMINE) - PEI

CELLULOSE-PEI
O

PEI
O

HO
OH

H 2N

OH

HO
O

N

NH 2

N

N
H

O
O

O
PEI

H 2N

N
H

N

N

NH 2
H
N

NH 2

NH 2

n

Figure 5.2 TEMPO-mediated oxidation
functionalization of the oxidized materials.

of

cellulose

crystals

and

PEI

The chemical modification of the cellulose materials was conveniently followed
by infrared spectroscopy by monitoring diagnostic changes in the carbonyl stretching
frequency (Figure 5.3A). The successful TEMPO oxidation of the C-6 carbon was easily
confirmed by the emergence of a strong C=O stretch at 1725 cm-1. (Note the absence of
stretches in this region in unmodified cellulose.) While the amine N-H and sp3 CH
stretches are obscured in the PEI-modified cellulose materials, the critical EDC-mediated
amide coupling that installed the PEI polymer is confirmed by the diagnostic shift of the
carbonyl stretch to smaller wavenumbers. Namely, upon successful EDC coupling of the
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PEI onto the surface of the cellulose particles, the newly formed amides exhibit a C=O
stretching frequency of 1600 cm-1 The diagnostic shift to smaller wavenumbers upon
amide formation is attributable the larger extent of electron donation into the carbonyl
moiety from the more electropositive nitrogen atom as compared to the carboxylic acid
starting material.
Further

evidence

for

successful

modification

was

apparent

from

thermogravimetric analysis (Figure 5.3B). The thermal degradation of the unmodified
cellulose crystals occurs at approximately 260°C. The presence of the PEI in the cellulose
microcrystals causes the thermal degradation of the material to occur at approximately
145°C, as represented in Figure 5.3B. The change in the thermal degradation of the
cellulose material after PEI conjugation also confirms the modification of the cellulose
crystals. Note that the lower degradation temperature upon PEI conjugation is consistent
with similar results observed for our first generation PLA-based nanomaterials.[16] In
addition to TGA and FTIR, results from qualitative EDS analysis of the unmodified and
the amine-functionalized cellulose crystals confirms the presence of nitrogen on the
modified materials and highlights the absence of nitrogen on the unmodified cellulose
(Figure 5.3C). The EDS analysis of the cellulose crystals was conducted by placing the
solid material on a carbon tape. Due to the relative larger size of the micro cellulose, it
was possible to obtain data on individual crystals. However, due to limitations of the
available EDS technique for accurate compound identification and quantification on the
surface of nanomaterials, the EDS analysis of the nano crystals was performed on
aggregates of the nano crystals, as shown in the electron microscopy image in Figure
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5.3C. Nonetheless, quantitative CHN analysis of the nano and micro crystals was
performed. The results clearly show that CNC-PEI materials contain higher amounts of
nitrogen, indicating a higher loading of PEI. The CHN analysis revealed that CMC-PEI
contained 4.26 ± 0.05 wt% of nitrogen and CNC-PEI contained 7.85 ± 0.10 wt%.
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Figure 5.3 Characterization of cellulose crystals using FTIR, TGA analysis, SEM,
TEM, and elemental analysis. A) FTIR spectrum, B) TGA analysis, C) SEM images of
CMC, D) TEM images of CNC, and E) Elemental analysis
After thorough characterization of both unmodified and modified cellulose
materials, an evaluation of the performance of the PEI-modified CNC and CMC
materials in capturing a representative aldehyde VOC was conducted. In order to evaluate
the reactivity of these new materials and to benchmark them with our first generation
polymeric nanoparticles,[16] we conducted experiments with an illustrative VOC from
the aldehyde functional group class, hexanal. The results from headspace analyses by
means of gas chromatography revealed that the unmodified CMC and CNC materials
were essentially incapable of capturing hexanal vapors upon a 30 min exposure of the gas
to a 10 mg of the cellulose crystals (Fig. 5.3). Furthermore, PEI-functionalized CMCs
were only capable of a 24.04 ± 3.27% (p<0.05) reduction of hexanal vapors (as compared
to untreated hexanal samples) within the 30 min capture experiment. In contrast, a 10 mg
portion of PEI-functionalized CNCs exhibited a significantly better performance,
resulting in a 84.33 ± 2.23% (p<0.05) reduction of the hexanal vapors.
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Figure 5.4. Gaseous capture of hexanal vapor using cellulose unmodified and PEI
modified, micro and nano crystals.
A comparison of the results obtained for PEI-modified CMCs and CNCs
highlights that while the microscale materials were not capable of significantly reducing
hexanal vapor, a decrease in the size of the cellulose crystals to within the nanoscale
range (90-300nm) evidently facilitates the gas-capture event. It is well-described in the
literature that nanomaterials present better efficiency when compared to micro materials
of the same kind due to their higher surface area to volume ratio [28]. Results from the
isotherm experiments can be found in Figure 5.5 and BET summaries for the 20mm-PEI
and CNC-PEI materials are presented in Table 5.2. The surface area of the 20mm-PEI
crystals, 18.397 m2/g, was approximately 3 times smaller than the surface area of the
CNC-PEI crystals, 60.625 m2/g.Ruminski et al.[29] reported a study on the sizedependency of CO2 capture using MgO nanocrystals and commercially available
microscale MgO. Similar to the results presented in this study, Ruminski and co-workers
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demonstrated an enhancement in the materials’ efficiency by leveraging the higher
surface area of nanoscale materials.

Table 5.5 BET results summary obtained for amine modified cellulose crystals

Slope
Intercept
Correlation coefficient, r
C constant
Surface Area

BET Summary
20mm-PEI
142.37 g-1
46.925 g-1
0.990395
4.034
18.397 m2/g

CNC-PEI
39.24 g-1
18.208 g-1
0.994277
3.155
60.625 m2/g

100

20µm-PEI

y = 142.37x + 46.925
R² = 0.98089
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Figure 5.5 Isotherm curves and BET plots of amine modified cellulose crystals
129

We note that our first generation polymeric PEI-functionalized nano-materials[16]
were capable of a slightly better reduction of hexanal (i.e. 98% reduction over 30 min
with 10 mg of PEI-polymeric NPs). We attribute the higher efficiency of gas-capture for
our first generation materials to the likely presence of more amine binding sites on the
first generation materials as compared to the PEI-CNC material described herein. This
situation could be attributed to either a more efficient EDC coupling during the synthesis
of the former materials, or to the availablilty of fewer carboxylic acid coupling sites in
the latter. Nonetheless, the PEI-cellulose materials are significantly cheaper and easier to
prepare, especially when considering that the non-functionalized cellulose nanocrystals
are commercially available and thus do not require NP synthesis prior to surface
modification.

Thus, we investigated whether the cheaper PEI-CNC materials upon

simply applying more material would achieve a comparable reduction percentage. The
results presented in Figure 5.6 confirms that a larger sample of the PEI-CNC material can
achieve hexanal vapor reductions that are comparable to our first generation polymeric
NPs.

We were able to increase the hexanal reduction from 84.33% to 96.07% by

increasing the mass of CNC-PEI applied to the sample from 10 mg to 20 mg. Notably,
companion experiments using greater amounts of unmodified CNC did not demonstrate
an increase efficiency of the gas capture. In contrast, experiments that increased the
loading of the corresponding PEI-modified CMCs failed to increase the gas capture
efficiency. This result further underscores the importance of the nanosized cellulose
crystals in our design strategy.
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Figure 5.6 Vapor studies using increasing amounts of cellulose materials for the
gaseous capture of hexanal.
5.4 Conclusions
We described presented the preparation, characterization, and evaluation of PEI
modified cellulose materials for capture of aldehyde VOC contaminants in the gas-phase.
We demonstrated that commercial CMC and CNC materials could be easily
functionalized with PEI after TEMPO-mediated oxidation and ion exchange steps. While
the resulting PEI-modified CMC material was not capable of significantly reducing
gaseous hexanal samples within a 30 min experiment, the PEI modified CNC materials
showed a successful reduction of the analyte. An initial 84.33% reduction of the gas was
obtained for experiments conducted using 10 mg of PEI-modified CNC, but larger
reductions were possible when larger loadings of the material was employed.
Specifically, a 20 mg sample of PEI-CNC facilitated a gas reduction of 96.07%, on par
with the reduction efficiency observed for our first generation materials[16]. The
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comparison between the results obtained for micro and nano scale cellulose crystals are
in concordance with other remediation studies presented in the literature. The better
performance of the modified CNC material is likely due to the higher surface-to-volume
ratio that is obtained by operating on the nano-scale. This effectively translates to more
reactive amine sites present on the surface per unit volume.
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CHAPTER SIX
MICROPARTICLES SYNTHESIS AND CHARACTERIZATION: A PRELIMINARY
STUDY FOR THE SCALING UP OF PARTICLES FOR THE GASEOUS CAPTURE
OF RELEVANT GASEOUS COMPOUNDS
6.1 Introduction
In the previous chapters, we have successfully synthesized and explored the
tunable features of polymeric nanoparticles for the target-specific capture of relevant
gaseous compounds. In addition to the synthetic polymeric NPs, we have also
demonstrated that we can successfully modify the surface of other materials, such as
cellulose, which is descendent from natural sources. Initially, PDLLA-PEG-PEI NPs
were synthesized, characterized and shown to be capable of reducing VOCs such as
carboxylic acids and aldehydes. Subsequently, the investigation of the tunable features of
the NPs revealed that there’s a correlation between the amount of PEI and the reduction
efficiency of the NPs. When particles of same nano size, but containing different amounts
of PEI were tested for the capture of hexanal, the results revealed that the capture of the
gaseous compounds is dependent on the amount of PEI functionalized to the NPs, with
particles of higher PEI content capturing a greater amount of vapor. Furthermore, when
amine-modified cellulose of different sizes were tested for the capture of such gaseous
compounds, the results revealed that even though the micro sized materials were
successfully functionalized with the amino groups, they were not capable of significantly
capturing gaseous compounds. Therefore, we hypothesized that the capture of the vapors
is simultaneously dependent on the amount of functional group and on the size of the
material. To test our hypothesis we investigated the synthesis and characterization of
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PDLLA-PEG microparticles. Additionally, we have previously discussed the importance
of scaling up new technologies; therefore we investigated a method capable of scaling up
the synthesis of COOH MPs in a laboratory setting, using a lab spray dryer [1,2].

Table 6.1 Overview of experimental methodology, objective and parameters used for
synthesis of MPs
Methodology

Objectives

Parameters

Double Emulsion
(DE)

Synthesize PDLLA-PEGCOOH microparticles

•
•
•

DE + Spray dryer

Scale up the synthesis of
PDLLA-PEG-COOH
microparticles

•
•
•
•

Polymer Concentration
PVA solution concentration
Ratio of organic solvent to aqueous
solution
Spray Dryer parameters:
Temperature
Flow rate
Air blower

Double Emulsion Protocol

Polymer in
Organic Solvent

Inner Phase
PVA 1%
Homogeneizer

External Phase
PVA 0.3%
First W/O
Emulsion

Magnetic
Stirring
Spray Dryer

Centrifuge

Solution
is
Sprayed

Supernatant
Air flow
Pellet

Freeze-Dryer
Particles

Particles are
collected

Figure 6.1 Schematic representation of the double emulsion protocol used to
synthesize MPs and the subsequent freeze-drying or spray-drying step.
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6.2 Materials and Methods
Materials
D,L lactide (PURASORB DL) was supplied by Purac Biomaterials.
ethylhexanoate,

sodium

sulfate,

anhydrous

toluene,

methanol,

Tin(II) 2chloroform,

poly(ethylenimine) solution (PEI, average MW ~1300 Da by LS, 50 wt. % in H2O),
Poly(vinyl alcohol) Mw 31,000-50,000, 98-99% hydrolyzed (PVA), and N-(3Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride were supplied by SigmaAldrich. Acetonitrile was supplied by Fisher Scientific. Hydroxyl polyethylene glycol
carboxyl (HO-PEG-COOH, MW 3500 Da) and methoxypolyethylene glycol (HO-PEGOCH3, MW 5000 Da) were supplied by JenKem Technology.

Characterizations
NMR was performed with a Bruker Avance 300 MHz NMR. Chemical shifts are reported
in parts per million (ppm) and spectra are referenced to residual solvent peaks. TGA was
performed on a TA Instruments Hi-Res TGA 2950 thermogravimetric analyzer under
nitrogen from 25 °C to 600 °C at 20 °C min−1. FT-IR was performed with a Nicolet
Magna 550 with NicPlan FT-IR Microscope and Mapping Stage. SEM was performed
with a Hitachi SU-6600.

Statistical Analysis
All statistical analysis was performed using a two-tailed t-test with at least three repeats
each, and 95% significance. Error bars on graphs represent the standard deviation from
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the mean.

PDLLA-PEG-COOH Polymer Synthesis
PDLLA-PEG-COOH polymer synthesis was carried out in the manner that we have
described previously.[3]

PVA Solutions
Stock solutions of PVA 1% and 0.3% were prepared by adding 10g (1%) or 3g (0.3%) to
1L of distilled and deionized water at 70°C. After all the PVA was completely dissolved,
the solution was filter and stored at room temperature.

Microparticles synthesis
PDLLA-PEG-COOH microparticles were prepared using a double emulsion protocol.
Double Emulsion Protocol: A desired amount of PDLLA-PEG-COOH polymer was
dissolved in chloroform. Next, specific amounts of 1% PVA solution was added and the
solution was sonicated for 15s to form the first W/O emulsion, using a 500W ultrasonic
processor, at 20% amplitude. The first emulsion was then added drop-wise to 200mL of a
0.3% PVA solution to form the second emulsion. The solution was then stirred for 5h for
complete evaporation of the organic solvent. The particles were collected and washed by
centrifugation, and a white solid powder was obtained by freeze-drying.

139

Spray Dryer
Microparticles synthesized using the described double emulsion were collected by spray
drying, using an YC-015 Lab Spray Dryer. Adjustable parameters such as inlet
temperature, air blower, de-piston block and feeding speed and direction were set to
45°C, 60, 3, and 4.7 in clockwise direction.

Microparticles Functionalization
75mg of dried PDLLA-PEG-COOH microparticles were re-suspended in 10mL of DI
water and 600uL of PEI and 48mg of EDC were added. The solution was magnetically
stirred for 6 hours. The particles were collected and washed by centrifugation, and a
white solid powder was obtained by freeze-drying.

Gas Chromatography
GC analyses were carried out as described previously.[3]
Materials: VOCs used as GC standards were purchased from commercial sources and
used without purification. Gas Chromatography (GC) analyses were conducted using a
Shimadzu GC-2014 Gas Chromatograph equipped with a Shimadzu AOC-20i Auto
Injector and a Flame Ionization Detector (FID). The GC was equipped with a 30 m x 0.25
mm x 0.25 um Zebron ZB-WAX Plus capillary GC column. Agilent Technologies Gas
Chromatography vials with septum screw-caps, 1.5 mL in total volume, were used in the
assays.
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6.3 Results and Discussions
Double emulsion protocols have been extensively described in the literature for
the synthesis of micro particles. Therefore, we focused on synthesizing PDLLA-PEGCOOH micro particles using a double emulsion protocol. It has been shown in the
literature that parameters such as polymer concentration, organic solvent and PVA
concentration can affect the size and morphology of the micro particles [4–8]. Typically,
higher polymer concentration yields larger particles. This is due to the higher viscosity of
higher concentration solutions. A viscous solution is more difficult to be broken up into
smaller particles when compared to a less viscous solution with the same input mixing
power[9]. The organic solvent chosen as the organic phase also plays an important role in
the morphology of the microparticles. The organic solvent has to be able to diffuse into
the aqueous phase, evaporate into the atmosphere and be completely removed. Solvents
with
slower removal rates lead to the formation of particles with porous structures.[10,11]
Furthermore, the concentration of the external PVA aqueous solution can affect the size
of the microparticles.[11] Higher PVA concentrations can increase the stability of the
emulsion droplet formed during the formation of the first emulsion by preventing the
emulsion droplets from coalescence due to the increased viscosity of higher PVA
concentration external phase, resulting in smaller particles. Therefore, based on the
results extensively described in the literature, we selected different parameters of the
double emulsion protocol to investigate and determine the optimal conditions for the
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preparation of microparticles using our PDLLA-PEG-COOH polymer. The preparation
parameters used in this study are listed in Table 6.1

Table 6.2 Summary of the different parameters used in the synthesis of MPs

Formulation

Polymer
Concentration
(%, w/v)

1
2
3
4
5
6
7
8

50
50
50
50
50
50
10
100

PVA
Concentration
inner/outer
(%, w/v)
1 / 0.3
1 / 0.3
1 / 0.3
1 / 0.3
1 / 0.3
1 / 0.3
1 / 0.3
1 / 0.3

Organic
solvent

Volume of
organic
solvent (mL)

Volume of
Inner Water
Phase (mL)

Volume of
outer water
phase (mL)

DCM
DCM
DCM
DCM
CHCl3
CHCl3
CHCl3
CHCl3

4
4
4
4
4
4
20
2

8
4
2
1
1
0.8
1
1

200
200
200
200
200
200
200
200

Yields obtained for formulations 1 and 2 were unsatisfactory, with maximum
yields reaching less than 20%. The particle solutions were centrifuge in order to collect
and wash the micro particles. However, it was noticeable that the supernatant solution
was not completely clear as expected, and instead, a slightly blue coloration was
observed, which is the typical coloration of nanoparticle solutions. We hypothesized that
the low yields could be associated with the formation of nanoparticles, which are not
recovered by the centrifugation step employed for the collection of the micro particles.
We confirmed our hypothesis by centrifuging the solutions, collecting the micro particles
(pellet formed in the bottom of the centrifuge tubes) and the nanoparticle solution.
(supernatant). Both materials were freeze-dried and the recovery of a large percentage of
particles in the supernatant confirmed that the protocols were yielding solutions
comprised of micro and nano particles. Therefore, in order to increase the yield of micro
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particles we varied two parameters, 1) the volume of the inner phase and 2) the organic
solvent (switched from DCM to CHCl3).Table 6.2 provides a summary of the results
obtained for each formulation
Table 6.3 Summary of the yields obtained for formulations using CHCl3 as organic
solvent
Formulation
3
4
5
6

Organic Solvent
DCM
DCM
CHCl3
CHCl3

Inner Phase Volume (mL)
2
1
1
0.8

Yield (%)
60.00
59.50
56.50
62.00

All four formulations resulted in higher yields when compared to formulations 1
and 2, however no significant difference in yield was observed between formulations
using DCM and CHCl3. With a relatively satisfactory yield of approximately 60%, the
particles were then analyzed using an electron microscope to investigate the size and
morphology. Furthermore, due to a faster evaporation rate, we used CHCl3 to further
synthesize micro particles with different polymer concentration. Results are shown in
Figure 6.2
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Figure 6.2 SEM images of the different micro particle formulations. Image 3) DCM,
50mg/mL polymer concentration, 2mL inner phase; Image 4) DCM, 50mg/mL polymer
concentration, 1mL inner phase; Image 5) CHCl3, 50mg/mL polymer concentration, 1mL
inner phase; Image 6) CHCl3, 50mg/mL polymer concentration, 0.8mL inner phase;
Image 7) CHCl3, 10mg/mL polymer concentration, 1mL inner phase; Image 8) CHCl3,
100mg/mL polymer concentration, 1mL inner phase. See table 6.1 for complete list of
parameters used for each formulation.
Best results were obtained for particles synthesized using CHCl3 and lower
volumes of PVA inner solution. The next step was to check if the synthesis of the
material could be up scaled using a spray dryer. A solution of micro particles was
prepared using the parameters listed in table 6.1 for formulation 6. After complete
evaporation of the organic solvent, the material was spray dried, and 110mg of particles
were recovered, similar to the 124mg recovered by centrifugation. With satisfactory
similar yield, further up scaling experiments were conducted. First, 1g of PDLLA-PEGCOOH were used to synthesize micro particles using formulation 6 described in table 6.1.
Approximately 500mg of the material was recovered, which is a similar recovery
percentage obtained for the previously synthesized smaller batch. Subsequently, we used
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7g of PDLLA-PEG-COOH to synthesize micro particles using the same formulation. We
were able to recover approximately 4.7g, evidencing that we could successfully upscale
our synthesis using the spray dryer. Figure 6.3 shows electron microscopy images of the
particles obtained by spray drying.

Figure 6.3 SEM images of spray-dried particles. The image on the left is the material
obtained using 1g of starting material and the image on the right is the material obtained
using 7g of starting material.
The next step was to investigate if we could successfully functionalize the micro
particles with PEI. As previously described in chapter 3, we were able to successfully
synthesize PEI functionalized nanoparticles using a two-step approach. The first step is
the synthesis of the PDLLA-PEG-COOH nanoparticles, whereas the second step is the
functionalization of the PEI, through a crosslinking reaction between the COOH groups
present on the nanoparticles and the PEI added to the nanoparticle solution in the
presence of EDC. To initiate the PEI functionalization, we started with the small batch
protocol, where particles were recovered by centrifugation. We chose to use the
parameters listed for formulation 6 in table 6.1 as good yield and good particle
morphology were obtained for such parameters. PDLLA-PEG-COOH micro particles
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were synthesized and freeze-dried. 75mg of dried powder was re-suspended in 10mL of
water. 600uL of PEI and 48mg of EDC were added to the particle suspension and the
material was kept under rotary mixing for 6h. Next, the particles were collected and
washed by centrifugation. Morphology of the micro particles was analyzed with SEM.
Furthermore, TGA analysis and GC headspace experiments were conducted. Results are
shown in Figure 6.4. We tested whether or not the functionalized microparticles could
successfully capture VOCs, such as aldehydes. Therefore, we conducted GC headspace
analysis using COOH MPs and PEI MPs, and hexanal.
Unexpectedly, COOH MPs were capable of reducing approximately 60% of the
hexanal vapor. A closer look to the SEM images of the microparticles synthesized using
the formulation 6 parameters, reveals that the surface of the microparticles are not
completely smooth, and resembles a porous structure, which can explain the relatively
successful capture of the hexanal vapor. When PEI MPs were challenged to capture the
same vapor, we observed 100% reduction of the analyte, While we predicted that PEI
MPs would not successfully capture gaseous compounds as it observed for the
experiments conducted with cellulose crystals, the higher capture obtained using the PEI
functionalized MPs indicates, that two phenomena could be responsible for the gaseous
capture in this case. An electrostatic interaction of the vapor with the porous structure,
and a chemical capture of the vapor by the amine groups of the PEI.
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Figure 6.4 A) SEM images, B) TGA analysis and C) GC headspace experiment
results of PEI functionalized MPs.
The interesting results led us to further investigate if the COOH and PEI MPs
synthesized using the same formulation as previously described, but collected by the
spray dryer, would yield similar results. It is easily noticeable that the two different
collection methods yield particles with different morphology and sizes, as shown in
Figures 6.2 and 6.3. The SEM images of the micro particles collected by spray dryer
reveals that the materials are significantly smaller, with average size of approximately
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1µm and apparently smooth surface. We attempted to synthesize PEI MPs and collect the
material by spray dryer, however, preliminary results have shown that a sticky material
was collected in the vessel and could not be recovered as a powder. Scrapping the
material out of the vessel resulted in the material sticking together forming what
resembled a sticky paste material. However, the COOH MPs were used for the gaseous
capture experiment with hexanal and the results are presented in Figure 6.5
80000

GC Area (au)

70000
60000
50000
40000
30000
20000
10000
0
Hexanal

Spray Dryer MPs

Figure 6.5 GC headspace analysis using hexanal as the gaseous contaminant and the
spray dryer MPs as the capturing material.
Statistical analysis of the preliminary results revealed that the spray dryer MPs
were not capable of significantly reducing the hexanal, with non-statistically significance
difference in the GC areas. We attributed these results to the different surface
morphology of the spray dried MPs when compared to the same formulation freeze-dried
MPs, with no evident roughness or pores in the surface of the spray dried MPs.
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Figure 6.6 Comparison between MPs synthesized using double emulsion protocol
followed by centrifugation, and by spray drying to recover the material
6.4 Conclusions
The studies presented in this chapter revealed that we were capable of varying the
different parameters of the double emulsion protocol in order to obtain microparticles
with desired size and morphology. While the novelty of the studies does not rely on the
effects of the different synthesis parameters, it was important to test different protocols to
obtain particles that would meet our size, yield and morphology criteria so we could
upscale the MPs synthesis and compare results obtained for materials synthesized
through different batch scales. Furthermore, we successfully demonstrated that we can
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functionalize freeze-dried microparticles with PEI, and that both COOH and PEI MPs
can be employed for the capture of VOCs, such as hexanal, with reductions of
approximately 60% for non-functionalized material, and 100% for PEI functionalized
MPs. Nonetheless, the novelty of our study relies on using the double emulsion protocol
to form the microparticles and subsequently use the spray dryer to collect the material, as
means of scaling up our process in a laboratory setting. We were able to synthesize
approximately 4.7g of COOH MPs using the lab spray dryer. Unfortunately, we have not
been able to successfully upscale the synthesis of PEI functionalized MPs. Future studies
may focus on the development of a method capable of successfully synthesizing spray
drying PEI MPs.
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CHAPTER SEVEN
CONCLUSIONS
Overview
The work in this thesis demonstrates the use of synthetic and natural nano and
micro materials for the target-specific capture of relevant gaseous contaminants. This
research is significant because we were able to successfully synthesize and functionalize
both synthetic and natural occurring materials, developing a base technology that could
be explored for the fabrication of materials for environmental remediation applications.
The results from this work are expected to contribute to the development of
environmental remediation materials that could overcome some of the most common
challenges associate with current technologies, such as low specificity, cost, toxicity, and
efficiency. Further, this could be a change in paradigm when related to environmental
remediation technology approaches because we showed that nano scale materials may not
be a requirement to achieve higher efficiencies, and instead, a combination of capturing
mechanisms could be explored for the development of more efficient materials. This
work is expected to provide a strong methodological foundation for the development of
new environmental remediation materials.
7.1 Determination of relevant gaseous compounds
While many industrial sectors contribute to the air pollution, some industries can
be more significantly affected by the results of their processes than others. While still
maintaining their emission within the regulation limits, some industries suffer from the
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malodorous air stream originated from their processes, such as water-treatment and
sewage plants. Nonetheless, other less discernable industries are also affected by the
production of mal odorous gases during their processes, as it is the case of the animal
rendering plants [1,2]. We used these rendering plants as our case study to investigate the
different classes of contaminants that could contribute to odor nuances. By using,
standardized sampling and analysis methods we determine the different chemicals present
at two rendering plants. The different sites contained a variety of chemical compounds,
among which some hazardous compounds were listed, although all detected compounds
were present in concentrations below regulated values. A thoroughly analysis of all of the
detected chemical compounds revealed that chemical functionalities such as aldehydes
and carboxylic acids were widely present. It is well known that a majority of these
compounds are often times noticeable by their bad odor. These results provided important
insights for the development of a technology capable of remediating such compounds. By
determining that aldehyde and carboxylic acids are two important chemical groups
present at industrial sites, we selected a chemical approach to promote the target-specific
capture of such compounds. We hypothesized that amine functionalities could target
aldehydes and carboxylic acids and promote a specific capture of said compounds.

7.2 Preparation of amine functionalized nanoparticles for target-specific capture of
relevant gaseous contaminants.
We tested our hypothesis by investigating the preparation, characterization, and
evaluation of PDLLA-PEG-PEI NPs to selectively capture environmental contaminants
of broad concern bearing aldehyde and carboxylic acid functional groups in the gas
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phase. Our material showed promising results, with reduction of aldehyde and carboxylic
acid vapors greater than 80% and 76%, respectively. We were able to demonstrate that
our NPs are capable of promoting a simultaneous capture of mixtures of aldehydes and
carboxylic acids as well as mixtures of two different aldehydes. Moreover, we showed
that PEI NPs were capable of selectively capturing target aldehyde and carboxylic acid
contaminants even when challenged by comparably or more volatile non-targeted vapors.
The ability to tailor the surface functionality of the nanomaterials for a specific target
analyte from vapor mixtures provides a significant advantage of our strategy over current
methods.

7.3 Exploring tunable features of amine-functionalized nanoparticles to enhance the
material’s capabilities and applications
In order to explore the tunable features of our materials that could affect the
overall efficiency of the gaseous capture, we hypothesized that the capture could be
correlated to the amount of amine groups functionalized to the nanoparticles surface. We
were able to successfully demonstrate that the gaseous capture of aldehydes is directly
related to the amount of PEI functionalized onto the particles. Particles with higher
percentages of functional groups revealed better capture performance. Furthermore, we
investigated whether or not the presence of the PEG linker in the nanoparticles are
essential for the PEI functionalization, and for the gaseous capture. We demonstrated that
PDLA nanoparticles could also be functionalized directly with PEI without the
intervening PEG linker. Nonetheless, a smaller reduction percentage was obtained but the
significant decrease in fabrication cost due to the elimination of the monodisperse
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PDLLA-PEG copolymer synthesis surpasses the undesired relatively lower reduction
percentage. Cost of production is among the many challenges that researchers encounter
when developing nanotechnology-based materials for environmental remediation
applications. Therefore, PDLA-PEI nanoparticles could be employed as an alternative
material for a cost-effective scale up of our technology. Furthermore we showed that
PDLLA-PEG-PEI nanoparticles could also be successfully used for the remediation gasphase VOC contaminants containing sulfide functional groups (i.e. DMDS and DMTS),
which are equally concerning in regards to air contamination.

7.4 Using materials from natural sources for functionalization with amine groups
The cellulose molecules contain OH groups that can be oxidized to carboxylic
functionalities. Introducing COOH groups into the cellulose molecules can allow for the
crosslinking reaction of such groups with amine functionalities of the PEI. We
investigated the preparation PEI modified cellulose materials for the capture of aldehyde
VOC contaminants in the gas-phase. We demonstrated that OH groups present in the
cellulose obtained from commercial sources were easily oxidized to COOH groups after
TEMPO-mediated oxidation and ion exchange. The CMC and CNC materials were then
successfully functionalized with PEI and tested for the gaseous capture of hexanal. While
an initial 84.33% reduction of the gas was obtained for experiments conducted using 10
mg of PEI-modified CNC, larger reductions were obtained when larger loadings of the
material was employed. Specifically, a 20 mg sample of PEI-CNC facilitated a gas
reduction of 96.07%, on par with the reduction efficiency observed for our first
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generation materials[3]. Results obtained for micro and nano scale cellulose crystals are
in concordance with other remediation studies presented in the literature. The better
performance of the modified CNC material is likely due to the higher surface-to-volume
ratio that is obtained by operating on the nano-scale, which effectively translates to more
reactive amine sites present on the surface per unit volume.

7.5 Investigating the use of MPs for the remediation of VOCs and exploring the
scaling up of the material’s synthesis using a lab spray dryer.
The studies conducted with PEI functionalized PDLLA-PEG NPS and PEI
functionalized CNC and CMC revealed that the capture of the vapors could be
simultaneously dependent on the amount of functional group and on the size of the
material. We tested this hypothesis by investigating the use of PDLLA-PEG
microparticles for the capture of VOCs. We varied different parameters of a double
emulsion protocol in order to obtain microparticles with desired size and morphology.
We successfully demonstrated that we can functionalize freeze-dried microparticles with
PEI. Furthermore, while approximately 60% reduction was obtained when using nonfunctionalized material, a complete vapor reduction was observed when using PEI
functionalized MPs. The novelty of our study relies on using the double emulsion
protocol to form the microparticles and subsequently use the spray dryer to collect the
material, as means of scaling up our process in a laboratory setting. We were able to
synthesize approximately 4.7g of COOH MPs using the lab spray dryer. However, we
were not able to successfully upscale the synthesis of PEI functionalized MPs.
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Figure 7.1 Summary of the work conducted using synthetic and natural nano and micro
materials for gaseous capture of VOCs.
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CHAPTER EIGHT
FUTURE RECCOMENDATIONS
Based on the literature review and the limits of the presented results, a summary
of future recommendations includes:

8.1 Aging studies of the PEI functionalized materials, stability of the gaseous
capture, and determination of the recyclability of the material
A thorough investigation of the material’s capability to perform the gaseous
capture upon aging is highly recommended. It is important to understand the stability of
the synthesized materials before taking the further steps towards the commercialization of
the developed technology. Furthermore, we recommend the investigation of the stability
of the gaseous capture in order to answer the following questions: 1) is the gaseous
compound release back to the environmental after its capturing using the PEI
functionalized materials? 2) Is there any difference between the stability of the capture of
aldehydes, carboxylic acids, and sulfur-containing compounds? 3) Is it possible to recycle
the material? Answering these questions could allow for a better understanding of how to
translate the lab scale technology to a larger scale one.

8.2 Investigation of the material’s performance on-site
The work presented in this thesis suggests that PEI functionalized nanomaterials
could be efficiently employed for the remediation of different VOCs, such as aldehydes,
carboxylic acids, and sulfur-containing compounds. We have successfully demonstrated
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our material’s capabilities to perform the capture of relevant gaseous compounds in a lab
scale experimental setting. It is recommended an evaluation of the material’s capability
when challenged to perform in a more complex setting, such as an industrial site.
Experiments should be conducted to investigate whether or not the target-specificity
feature of the materials is also observed when applied to more chemically complex
environments and the efficiency of the capture.

8.3 Up scaling method for COOH and PEI MPs
Nanotechnology has been widely investigated for the development of
environmental remediation techniques[1,2]. Because of the increase in the surface areato-volume ratio when size is decreased from the micro scale to the nano scale range,
nanotechnology has continued to gain researchers attention[3]. However, even with
improved and enhanced environmental remediation technologies, there are still common
challenges that require attention[4–6]. Environmental remediation of contaminants
generally requires the application of the materials in a large-scale manner. Often times,
costs associated with the development of new technologies offers a limitation to the
production of such materials in large scale. In this work we develop interesting targetspecific materials for the capture of relevant VOCs. We presented preliminary studies on
the scaling up of our technology and noticed some unexpected outcomes, such as the
promising use of COOH microparticles and PEI functionalized microparticles for the
gaseous capture of hexanal. To improve upon the work presented here, we recommend
the following. Spray drying experiments involving the microparticles synthesis should be
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further explored and investigated to optimize the large-scale production of COOH MPs.
Our work has shown that we were able to synthesize uniform micro particles by spray
drying a solution prepared using a double emulsion protocol. However, it would be
interesting to determine if it is possible to control the microparticles size by manipulating
the double emulsion protocol. Upon then, a further investigation should focus on the
effect that different micro particle sizes could have on the gaseous capture of VOCs.
Further experimentation with different VOCs functionalities is also recommended.
Furthermore, we were unable to successfully to collect PEI functionalized MPs using the
spray dryer. Therefore, it is recommended that further experiments be conducted to
determine a protocol for a scaled up synthesis of PEI functionalized MPs.
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